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ABSTRACT 
Tungsten nitri~e metallization has been investigated .. 
as a possible contact material in self-aligned refractory 
• 
gate gallium arsenide integrated circuits. Thin films of 
the material were reactively sputtered f.rom a pure 
tungsten target in .:"'ambients containing o to 201 nitrogen 
in argon.· These films were found to haye Schottky 
·barrier heights in the range of 0.70 to 0.79 av, which is 
typical for thes~contacts on GaAs. In addition, the 
~~ 
variation of material properties including stress, 
adhesion, resistivity, and deposition rate were 
determined as a,J function of composition and crystal 
,' 
structure for films deposited in o to 201 nitrogen, and 
annealed by both a normal furnace process, and by rapid 
thermal annealing. X-ray diffraction revealed the 
'. presence of~alpha and beta phases of tungsten in the as-· 
deposited films. All film recrystallized after 
annealing, and •fibited W and w2N .. phases in variou,a 
ratios. Resistivity of the films increased with 
')'' 
increasing nitrogen from ·90 to 205 micro ohm-cm for 
I 
. . 
unannealed films and ·il20 to 100 _ micro -ohm-cm after furnace 
annealing. A high stri~swas determined for films 
deposited in 2.51 N2, which was 8 x·109 dynes/cm2 • This 
"'' ,'' . ... . -, .', 
. . 
film displ_~yed optimum adhesion properties, compared to 
· o·ther compos=i,tt.ons".· 
r 
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Introduction 
r , 
The metallization used in integrated circuits plays a 
fundamental role in the performance of the circuit, equal in 
importance to the semiconducting material itself. The 0 
metals serve to connect the active region of the 
semiconductor to other components in the circuit -
resistors, capacitors, etc. - as well as providing a means 
of. external connection and interconnection among components 
of a device. Without a way to provide these connections, 
the semiconductor would be useles.s. The types of electrical. 
contacts in ·an integrated circuit fall into two general 
categories: ohmic contacts, and rectifying contacts, called 
Schottky barrier, or Schottky contacts--.··- Ohmic contacts, 
which ar~ generally used as the contacts at the source and 
drain electrode, have a very small series resistance at the 
metal/semiconductor interface, which is negligible during 
operation. The gate is typically a Schottky conta.c;t, which, 
with its charge dipole and·associated depletion region, has 
similar rectifying properties to a p-n junction. This work 
. 
. is' concerned with the"latter type of contact- the Schottky 
. ' 
. barrier gate - on·· the semiconductor material gallium 
' 
. 
-
arsenide, as it would be utili-zed in a self-aligned metal-
. . 
semiyon~uc:tor.f1,eld effect transistpr (MESFET). fl 
('' 
' /~~------ --- 2 
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Introduction 
The metallization used in integrated circuits plays a 
,,.,, 
fundamental role in the performance of the circuit, equal in 
importance to the semiconducting material itself. The 
metals serve to connect the active ·region o_f the 
semiconductor to other components in the circuit -
resistors, capacitors, etc. - as well as providing a means 
of external connection and interconnection among components 
of a device. Without a way to provide these connections, 
. ·.. 
. 
the semiconductor would be useless. The types of electrical 
contacts in an integrated circuit fall into two general 
categories: ohmic contacts, and rectifying contacts, called 
Schottky barrier,or Schottky contacts. Ohmic contacts, 
which are generally used as the contacts at.the source and 
drain electrode, have a very small series resistanc_e at the 
-
metal/semiconductor interface, which is negligible duri~g 
operation. The gate is typically a Schottky contact, which, 
with its charge dipole and associated depletion region, has 
similar rectifying properties to a p-n junction. This work 
is concerned with the latter type of contact- the Schottky 
l ,., --- -
barrier gate - on the semiconductor material gallium 
arsenide, as it would\be utilized in a self-aligned metal-
• 
• 
> 
semiconductor fi•ld effect transistor (MESFET). 
2 
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Background 
Schottky Barrier Contacts 
When a metal is placed in intimate contact with 
semiconducting material, the band structure of the 
semiconductor changes. Both the metal and the semiconductor 
material have electron work functions, which represent the 
difference in energy between the Fermi level and the vacuum 
level for that particular material. For the semiconductor, 
\ 
the work function is the sum of the electron affinity of the 
• •,fj}· 
semiconductor, which is the difference in energy between the 
vacuum level and the bottom of the conduction band, and the 
difference in energy between the bottom of the conduction 
band and the Fermi level.[1,2] In the case of n-type 
semiconducting material and a contact metal work function 
which is higher than that of the semiconductor, electrons in 
the semiconductor conduction band, arising from ionized 
~ 
donors, flow into the metal until the Fermi levels in both 
materials are equal. After the charge flow acnieves equal 
Fermi levels, the sµrface of the metal is negatively 
charged, and the semiconductor surface, from which the· 
electrons oi::-iginated, is positively charged. The region 
" ' " depleted of carriers then acts as an insulatiri~ barrier to: 
' further.electron flow, and also possesses capacitor 
' \ 
3 
\ 
,, 
' '\-
-~ 
\' 
/\ 
properties. In Figure 1-1, these changes in.the valence and 
conduction bands in order to lower the Fermi level of the 
t semiconductor and align it with that of the metal at thermal 
~ 
equilibrium are shown. The barrier to electron flow, or 
contact potential, is the difference in work functions for 
the two materials. The limiting magnitude of this. barrier 
to electron flow from the metal into the semiconductor, 
q ~b' is ideally equal to the work function of the metal 
~m,lowered by the electron affinity of the semiconductor 
X6 c,~ as given by the expression [l] 
where q is the charge on the electron. This is the ideal 
barrier height in the metal-semiconductor contact. If this 
were indeed the case in this particular material, the 
barrier height would strongly depend upon the metal, and 
would vary through the range of 0.07-0.57 ev for the more 
common metals, as is the case for Schottky barrier heights 
for various metals on silicon. In reality, however, the 
barrier height has been found to be relatively insensitive 
to the choice of metal. 
One initial expl~nation for the independence of barrier 
height and· metal work function proposed the presence of · , .. , 
additional states in the gap of the semiconductor material. 
[1-4] A low,,density of states, as low as 0.1% of the surface 
4 
u 
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Figure 1-1 Energy band diagram of a metal on an n-type 
semiconductor. Reproduced from [Sze] 
• 
5 
1 ' 
.. 
~) 
atoms, could pin the Fermi level at a v.alue of approximately 
0.1-0.aev above the valence band. Electrons from the metal 
can fil'l these states, setting up a dipole to compensate 
between the metal and semiconductor work functions, and 
making 1 the rectification properties independent of the 
choice of metal.. [ 4] ~ome arguments against this theory 
suggest that localized states could not exist in the 
semiconductor surface if they were coupled to the continuum 
of the metal at the junction. However, it was agreed that 
metal electron wavefunctions would decay, tailing off at a 
distance of 3 to 10 Angstroms into the semiconductor, which 
would act the same as Bardeen's interface surface states.[4] 
In Figure 1-1, the energy level at the surface is shown as 
q~0 • The Fermi level is shown to be just above this surface 
energy. For GaAs, the surface state density is on the order 
of 10 13 cm-2 • As a result the Schottky barrier heights of 
contacts on GaAs have been found to be practically 
independent of the metal work function, having a value of 
approximately o.a ev despite the identity of the metal 
involved. [l] 
The source of the Fermi level pinning has been 
. 
attributed to other non-intrinsic causes, especially after 
the report of the absence of surface states on (110) GaAs 
cleaved in vacuo.[3,4] Native defects such as Ga or As 
vacancies, induced by the deposition process, create defect 
levels in the bandgap. Anion vacancies appear to-be 
6 
• 
responsible for this-effect, since their formation is 
energetically favorable, ~nd since they creates deep levels 
in the gap, which matches the model.[4] Interactions 
between these defects and sub-monolayer coverages of oxygen 
or other contaminants from the non-UHV deposition 
environment have also been cited as causes for the surface 
states which keep EF values within o.a ev of the valence 
band. Others feel that the barrier height is affected by 
the work functions of the numerous phases present at the 
interface containing interdiffused and reacted metal atoms, 
substrate atoms, and contamination atoms. The work function 
utilized would then be a weighted average of those for the 
phas~s present.[3] This would indicate that interaction and 
weak bond formation between the atom species present must be 
taken into consideration. Systematic relationships have 
been drawn between Schottky barrier heights and heats of 
formation of compounds of the metal and the compound 
semiconductor anion, showing a sharp rise in barrier height 
as the he·at of reaction changes sign from negative 
(reactive) to positive (non-reactive). However, the 
fundamental understanding of the factors affecting the 
barrier height on a microscopic level is inconclusive, and 
/ •• ·1 
work continues to'determine the effect of interdiffusion and 
weak bonding on the mechanism of Fermi level pinning.[4] 
7 
t 
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Self Aligning contacts 
The Schottky barrier gate contact in a seif-aligning 
integrated circuit must fulfill several criteria. In the 
self-aligned processlng sequence, as shown in Figure 1-2 ion 
" implantation is employed to create highly-doped n+ regions 
on either side of the gate near the surface of the 
semiconductor.[2,5] In the figure, then-type species being 
implanted is Si. Since the gate electrode acts as the mask 
for this selective ion implantation'into the adjacent areas, 
the gate material must be able to withstand the subsequent 
high temperature implant anneal which is implemented both to 
activate the implanted species by diffusion onto lattice 
sites, and to remove lattice damage caused by the high 
energy impact of the implanted ions. During this anneal, 
which is typically done at temperatures at or above soo0 c, 
the gate metal must remain relatively unreactive, 
"'" 
i.e.,without degrada;ion oi appreciable interdiffusion with 
the substrate. The stress exerted by the film after 
deposition must be minimal to prevent excess wafer warpage, 
which may hinder further processing, create. damage in the 
material, or may affect the threshold voltagesi for,·the 
U 'I • 
device due to strain fields in the material beneath the 
gate. The varia.tion in stress with temperature should be . 
similar to that of the substr·ate to avoid the problems 
8 
Gate 1 l 1 l l 
n In I . 
I I . 
I I 
GaAs sub. _ .... ._._J L----
I. Gate metal I ization 
~ Source Drain 
', ... ~ 
n+ 
IO I 
I I n+ 
3. · Annealing 4. Ohmic metallization 
Figure,1-2 summary of steps in a self-aligned.GaAs 
MESFET processing sequence. Reproduced from' 
(Yokoyama] · · 
. '•, 
t 
,, 
, .. 
........ 
?,, 
' '.• 
\. 
' ; 
associated with thermal mismatch. In addition, the film 
adhesion must be sufficient to insure the gate will remain 
in place after deposition and definition by etching, and 
during subsequent processing. The material must be able to 
be selectively etched from a GaAs subst~ate without 
substrate material loss.[2,3] Ultimately, the electrical 
properties of the gate material must be within acceptable 
ranges in order for the gate to perform as desired in the 
device. This includes a Schottky barrier which is high 
enough to provide the necessary rectifying properties for 
the gate contact, accompanied by a low resistivity in order 
to make external contacts, and to realize high speed 
applications. Enhanced barrier heights suppress reverse 
leakage currents, and allow more tolerance for threshold 
voltage non-uniformity arising from other sources.[6] 
In the case of Schottky ~arrier contacts on GaAs 
integrated circuits, many metallization schemes are known, 
since almost any metal placed on GaAs will result in a 
·' 
rect-ifying contact. Despite the fact that many metals can 
be used as Schottky contacts, the requirements of thermal 
stability and good adhesion limit the choices of material to 
provide suitable contacts for self-aligned structures. 
' ' 
Gallium is a rapid diffuser in many metals, which permits 
the in-diffusion of gate metal atoms, thus destroying the 
I~ 
•. 
interface. Among the me,a.'ls which have been used as 
Schottky barrier contacts are A~, Ag, Au, Cr, Mo, Ni, Pd, 
10 
Pt. · Few of these choices exhibit rectifying behavior above 
soo0 c. [3] Refractory metals are often used either alone or 
as one component of the gate material in order to provide 
the thermal stability necessary for the contact to undergo 
annealing at temperatures in the range of·soo - 95o0 c, while 
avoiding the problems such as peeling, interreactio~s, and 
·., 
interdiffusion. Some of the more common refractory 
metallization schemes employed are W, WSi, WAl, 'WTiN, LaB6 , 
WSiN, and WN. [3,7,8] In general, refractory films have low 
resistivity, mid-range electron work functions, and strong 
'adhesion when sputtered in a magnetron system. (9] Tungsten 
nitride has proven a good candidate'' as a Schottky contact on 
GaAs, since its electrical and thermal properties are 
substantially equal to those of the refractory silicides. 
The bonding between the atoms is quite strong, as evidenced 
by melting points in excess of 30oo0c, compared to pure 
transition metal films which tend to react with GaAs at 
temperatures as low as 100°c. [1] These are all 
requirements of a good contact for the self-aligned implant 
process. 
" 
Several different deposition methods are currently 
employed to deposit thin films. In.the case of tungsten 
r 
' 
. \ ' 
nitride, films can either be evaporated from a solid 
tungsten nitride source, or sputtered. Sputtering may also 
be performed using a solid target of the.desi~ed nitride 
composition, or by reactively sputtering a pure tungsten 
11 
,, 
,.. 
target in an ambient containing controlled amounts of 
~ 
nitrogen in addition to the normal argoij ambient. In this 
way, the composition of the film can be varied by changing 
the composition of the ambient in the sputtering chamber. 
This technique will be discussed in length in the section on 
reactive sputtering. 
Literature Review 
Many workers have ex~mined the properties of tungsten 
nitride for various applications. Table 1-1 shows a brief 
summary of some of the previous investigations of the 
material. 
In some of the references listed in the table, the 
material properties of tungsten nitride such as crystal 
structure barrier height or electrical resistivity were 
presented as a function of some process variable, for 
example, nitrogen partial pressure·, total chamber pressure, 
• 
or sputtering power. Other authors were more concerned with 
the performance of· r..the material as a diffusion barrier 
between another metal overlayer and the GaAs or Si 
substrate. [10,11,12] In this particular application, 
controllability of the crystal structure and hence, 
composition, of the dep9sited film is a critical feature. 
__ ; 
Structure plays an important role in the· performance of a 
diffusion barrier, since interdiffusion is 
12 
' ........ 
. ' 
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tit.thod 
dca 
dca 
rf 
rf 
rf 
dca 
rf 
rf 
rf 
s-gun 
m.ag. 
rf 
)! N2 
0-17 
20 
0-50 
0-100 
0-80 
3-10 
0-60 
0-30 
Anneal 
Method 
FA 
Phases 
For••d 
bee W a/d 
FA 700-1000 · ama. a/d 
RTA 700-950 W1 bee W2N 
FA 810, 850 
RTA 575 
--- alpha.beta W 
(a/d) 
FA 500-900 amo.8-23% a/d 
bee W 
FA, RTA WN,W2N,W a/d 
W, W2N 
FA 400-600 a•o. 10-20% 
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FA 350-600 a•o. 20% 
Resitivity 
uohm-c11 
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50 
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W2N,W 10,40% a/d ---
W2N annealed 
0-50 FA 600-900 a•o. lOZ a/d 
W,W2N 
0-100 
5-30 
FA 
FA 850C 
FA = f urnac,e 
RTA = rapid thermal 
fee W2N, W 
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I 
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200-1800 aid 
50-200 a/d 
'3 
70-100 
(0-.30Z) 
100-5000 
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Table 1-1 Literature Review. 
.,._. 
,,•·. 
• 'i·. 
Barrier 
Height Coaments 
CeV> 
150V substrate bias 
N last after anneal 
0.6-0.81 cap/no cap 
0.73 
0.7 
arsine, N2, Ar 
W2As3 on surface 
2Z N2 best b.rrier 
Ne, Ar + N2 
a•o.10-25X in Ar 
N lost after anneal 
diffusion barrier 
degrades above 700C 
diffusion barrier 
good to 600C 
diffusion barrier 8 575C 
20,40i: best 
N improves adhesion 
0.7-0.84 substrate 8 1DOC 
6Z N2 aa><. barrier 
0.8-0.95. substrate 8 lSOC 
bArrier •a~. eocx: 
1.10 10~ N2 
., . 
• J 
,, 
enhanced by the presence of grain moundaries, or the 
·, juxtaposition of atoms which will readily form compounds and 
degrade the integrity of the interface. These investigators 
foupd that high partial pressures of nitrogen would produce 
,, 
amorphous films in the as-deposite~ state. In addition, 
Cheung et al. [13] examined the effect of annealing 
techniques such as furnace and rapid thermal anneal, and the 
choice of annealing ambient on the electrical properties. 
The combination of furnace annealing with a sio2 cap at 
aso0 c in an arsine/hydrogen ambient was found to raise the 
barrier to O.SleV. These workers believed that the 
enhancement was due to a limited reaction at the GaAs/metal 
interface, which was not detected by standard analytical 
techniques. Zhang [6,14,15] felt that barrier height 
enhancement occurred due to the formation of a Shannon-type 
., 
contact in the material, due to the incorporation of 
nitrogen into the GaAs lattice. This 'formed· a metai-p+ -n 
structure. These.devices have higher breakdown voltages, 
which would allow for closer spacing of individual devices, 
and a reduced capacitance, which in turn means a smaller _ 
gate delay. The barrier height in this structure increas_ed 
with the applied voltage. Huber and Aita· [16] investigated 
the different phases of nitride formed-when tungsten nitride 
was reactively sputtered using argo.n or neon as the inert· 
gas, ,oand found that films sputtered in neon had high~r 
1!~ 
' 
nitrogen content tbjn those deposited in argon. Uchitomi et 
• 
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al. [17,18] preferred refractory gate metal due to its 
electrical and metallurgical stability at high temperatures, 
. 
which are required for the self-aligning process. They 
substituted ·WNx for the WSix metallization typically used as 
gate metallization in order to take advantage o·f the low 
resistivity (70 micro-ohm cm) and high Schottky barrier 
(0.84 eV) of this material. When compared to devices 
fabricated in a recessed gate technology with platinum 
metallization, the results showed shorter gate delays, and 
higher power dissipation for the nitride metallized devices. 
Reactive Sputtering 
In the sputtering process, a cathode consisting of a 
target of the desired metal, in this case tungsten, is 
connected to the negative DC voltage supply of the 
equipment. The surfaces which will receive the sputtered 
material face the target, and generally at a floating 
potential. The chamber in which the sputtering takes place 
is evacuated to a pressure in the 10-7 Torr range before 
• backfilling with the desired ambient gas, which is-typically 
an inert gas such ·as argon. The electric field generated by 
the potential at the cathode accelerates ·· electrons in the 
chamber, which in turn collide with /gas atoms, forming 
po.sitive gas ions and more free electrons. Eventually an 
avalanche process occurs as mor~ Ar atoms are ionized 
15 
generating more free electrons, and a glow discharge plasma 
is created.and maintained by the presence of the gas. These 
gas ions strike the target, and as a result, various 
particles are emitted. Neutral target atoms are removed by 
momentum transfer from the gas ion and are free to move 
through the plasma. Secondary electrons are also formed 
upon "~impact ,iof the Ar ion with the target material. These 
electrons are accelerated away from the cathode due to the 
potential, traverse the plasma, and strike the substrate 
surface with almost full energy. It is estimated that 5 to 
10 percent of the cathode power is dissipated at the 
substrate, of which approximately 60% is from secondary 
electron bombardment. In a DC planar magnetron sputtering 
system, permanent magnets are located directly behind the 
cathode assembly. The magnetic domains are arranged in such 
a way' that their fields produce transverse fields parallel 
to the cathode surface,and perpendicular to the electric 
field, forming a closed loop, or path in front of the 
cathode. Around the outside of this path, the magnetic 
field enters the cathode surface at right angles. [19] In 
this way, the efficiency of the sputtering process is 
enhanced~by confining the discharge plasma to an area 
adjacent to the cathode surface by the magnetic field. In 
addition, any secondary electrons that do not ionize gas 
atoms as they are initially accelerated away. from the 
cathode are redirected toward.the cathode area by the 
16 
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influence of the magnetic field, then accelerated away by 
the cathode potential repeatedly resulting in a spira_l 
direction of electron motion until an ionization event 
occurs. (20] Most of the electrons that manage to reach the 
substrate have curved trajectories, and do not· impinge 
directly on the surface. Only a very few electrons which 
spiral out between the fields can impinge directly on the 
surface. 
In addition to the emission of the neutral target 
species and secondary electrons mentioned above, other 
species are produced, including secondary ions, reflected 
incident particles, backscattered neutral target species, 
photons, and x-rays. Other events occurring include targ8t 
"· 
heating due to incident energy dissipation, target species\ 
dissociation or reaction, and, in some cases, 
crystallographic changes. (19] Dissociation of a compound 
r 
I • target may occur due to t~e heating, especially if one of 
/ 
\ 
. 
the components is more volatile than the other. In these 
instances, the composition of the sputtered film is not the 
same as the target composition. The desired composition can 
be controlled by either using a target with a suitably 
.. 
al~ered composition, or varying the sputtering parameters, 
such as power, to lessen the effect if possible. Another 
solution to the problem of sputtering compounds is the 
. . ' 
implem1titation of reactive sputtering~. 
17 ,. 
In reactive sputtering, the target is once again a 
nominally pure metal or alloy. However, in this case, the 
target material is synthesized into a compound by sputtering 
in an ambient containing either a pure reactive gas, or a 
mixture of a reactive gas and an inert gas. Compound 
' 
synthesis could then theoretically occur at one of three 
places - the target, the ambient, or the substrate. At low 
reactive gas pressures, the compound is formed at the 
substrate, since the compound formation rate at the target 
is slower than the removal rate of the target material. As 
the reactive gas partial pressure increases, target compound 
formation on the target occurs much more rapidly than the 
removal of the compound formed at the target •. [19] 
Many steps are involved in the growth process of thin 
films. After transport of the species to the surface, three 
competitive processes can occur: capture or adsorption at an 
already existing nucleus on the surface or coating, 
diffusion over the surface until a mutual collision occurs 
to form a new critical cluster, or re-evaporation or 
sputtering to remove the species from the surface into the 
ambient. [21,22] Once the film atom is part of the growing 
film, it can continue to move inside the film before 
reaching a final position. While the transport of the 
species to the film is controlled by pressure, as discussed 
above, the surface events. and movement within.the film are 
\ 
controlled by parameters such as substrate temperature and 
~ •.... 
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bias. A large negative bias applied to the substrate 
attracts positive ions from the plasma' such r,as discharge 
gas ions and ionized cathode material, which bombard the 
film as it grows. By controlling the degree of 
bombardment,the resultant resputtering can alter the grain 
size, density, orientation, and crystal polymorphs existing 
in the film. This in turn can affect the magnetic 
properties, adhesion and surface morphology. ( 19] · .. Impinging 
impurity atoms can be resputtered from: the film into the 
ambient, creating films of higher purity and lower 
resistivity. However, these improvements can be offset by 
the damage and roughened surface which sometimes accompany 
bombardment, which would act to raise the resistivity, and 
change other properties in undesirable ways. (23] 
Besides ionized particles, neutral species also bombard 
the substrate as the film is growing. These species, 
resulting from ions which are neutralized at the cathode, 
. ,-,, 
are reflected from the target with high energy resulting 
from the~r energy at impact. 
It is because of the bombardment process that the inert 
ambient gas is incorporated into the growing film. Positive 
ions are accelerated toward the negatively-biased substrate, 
and add to the flux of reflected Ar atoms striking the 
surface. These Ar ions and atoms are implanted into the 
growing film. This process can be lessened by heating the 
' 
substrate, since the sticking probability of an incident gas 
19 
species decreases as the temperature is increased. [19] 
However, increasing the temperature during film growth can 
increase the amount of intrinsic stress in the deposited 
film, depending upon the thermal expansion mismatch of the 
substrate and film. All of the deposition parameters -
bias, temperature, press~re, partial pressure, \~can speed, 
target voltage and power, among others - must be optimized 
for a particular film-substrate system. In many cases, 
compromises must be made, since optimum conditions for 
adhesion may not be the same as those for desired 
composition, for example. 
Therefore, it is the goal of this work to investigate 
the characteristics of react._i vely sputtered tungsten 
0 
nitride, with specific emphasis on the mechanical, 
stoichiometric, and electrical properties as a function of 
composition, and, if possible, determine the optimum 
deposition parameters for its application as a Schottky 
:,. 
barrier contact for gallium arsenide self-aligned integrated~ 
circuits. 
20 
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Experimental Procedure 
Materials 
Two different types of GaAs wafers were used in this 
work - mechanical quality 3-inch wafers and device 
quality n-type bulk doped (--2 x 1017 cm-3 Si) 2-inch GaAs 
wafers. Mechanical quality wafers are those which could 
not pass boule qualification tests based o.n carrier 
profiles after a standard ion implant and anneal process. 
The device quality wafers were used for Schottky barrier 
height, carrier concentration, breakdown voltage, and 
depletion depth determinations. The 3-inch mechanical 
I " 1 ( I quality wafers provided samples for bow, stress, 
I 
composition, adhesion, thickness, and all other 
measurements of the film characteristics which are 
independent of the quality of the substrate upon which 
the film is deposited. Whole wafers were necessary for 
evaluating film bow and stress, while pieces of whole 
. 0 
wafers were used for the other studies. 
Deposition 
Immediately pri~r to deposition, all of the GaAs 
wafers were cleaned on a conventional spinne~ using a 
·,: 
solution o-f water: ammonium hydroxide·· (20: 1) to remove 
21 
particles and surfa~e oxide. A stream of the solution was 
applied to the spinning· wafer for 30 seconds, after which 
it was allowed to air dry for the remaining 30 seconds of 
the spinning cycle. The samples were loaded into a MRC-
943 DC magnetron sputtering system as shown in Figure 2-1 
equipped a pure tungsten target and mass flow controllers 
to regulate the flow rates of the argon and ultra high 
purity nitrogen. Before the sputtering process was 
initiated on the samples, a 5 minute pre-sputter step was 
implemented in each run, in which the argon and nitrogen 
ratio was set and the power to the eputter electrodes was 
turned on. This pre-sputter step permitted time for the 
target to be cleaned by the impinging gas ions, and come 
to steady state conditions. In addition, any nitridation 
of the target would occur in this 5 minute interval, thus 
preventing the chang_~ in the actual target material from 
occurring over the duration of the sputtering run. The 
sputtering power was maintained at lkW, and the speed at 
which the .. platen of samples scanned through the plasma 
was held at 155cm/min for all runs in this work. 
Film thickness was maintained in the range of 4000 
to 5000 Angstroms for the majority of runs at all 
compositions, to more nearly duplicate the thickness 
~,_..., .. 
deposited on .an actual device wafer. Sample films for 
compositional analysis by RBS were aP,proximately 500 
Angstroms thick. Films which were deposited for thermal 
22 · 
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Figure 2-1 
,. 
The MRC . 943 Sputtere~ opened to show the 
cathode ta~gets and the tray upon which the 
pallet is scanned beneath the target. 
23 
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expansion investigations were on the order of 7500 to 
10000 Angstroms thick. The proper number of passes to 
deposit films in these desired ranges was dete~mined by 
calculation of the approximate deposition rate from 
• • previous runs. 
In these experiments, the partial pressure of 
nitrogen was varied from Oto 20 percent of the total 
pressure in the chamber by keeping the argon flow rate at 
its maximum value and adjusting the nitrogen flow via the 
mass flow controller. Twenty percent. nitrogen was the 
maximum amount possible for the flow controllers used 
here. Total chamber pressure was maintained at 12mTorr 
for most of the runs performed, but films for RBS 
·• 
analysis were also deposited at pressures of 6 mTorr and 
25 mTorr, the minimum and maximum pressures attainable in 
this particular sputtering system, to determine the~ 
composition dependence on total pressure. 
Annealing 
For the majority of these experiments, a standard 
furnace annealing procedure was used on both the whole 
wafers and small pieces. The samples were annealed at 
aoo0 c for 10 minutes without an encapsulating layer. In· 
,, 
order to prevent arsenic loss during the high temperature 
step, the ambient in the £,urnace was nitrogen with an 
24 
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arsenic overpressure provided by a solid arsenic source 
heated to .410°c. Additional annealing was performed in a 
Process Products Inc. rapid thermal processor. In this 
system, arsenic overpressure was provided by a solid As 
source heated to 4So0 c by a separate bank of tungsten-
halogen lamps in a separate zone in the reactor tube. 
The ambient in this system was forming gas at a flow rate 
of 400 seem. The system was allowed to'· purge for 10 
minutes prior to the start of the annealing program, to 
prevent oxidation of the film during annealing. To avoid 
slip, the 3 11 ,slices were heated on a graphite susceptor 
which lowered the thermal gradient on the wafer during 
cool-down by preventing rapid heat loss at the wafer 
edges. Maximum time at the peak temperature in this 
system was limited to 60 seconds. For further 
investigation of sputter damage removal from then-type 
samples after diode formation, the samples were annealed 
in an AG Associates, Inc. rapid thermal annealer at 
various temperatures for 5 minutes. In these anneals, a 
cover wafer of GaAs was placed on top of the samples to 
provide an As ambient in the proximity of the sample 
surface. 
25 
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Stress 
In order to determine stress in the films, the 
values of wafer bow measured before and after deposition, 
and wafer thickness are required. Bow was measured on 
the GCA Autosort (GCA Tropel, Inc.)flatness tester. The 
Autosort utilizes a helium neon laser to create coherent 
light which is directed by prisms at a glancing angle to ~ 
the sample surface. The sample of interest is held close 
to, but not in contact with, the reference surface of the 
interferometer. The equipment evaluates the resulting 
grazing incidence interference fringe patterns to 
determine deviations in flatness on the tested surface. 
The system's conversion of interference fringes to 
microns of warp is calibrated to a standard with a known 
flatness deviation. 
By definition, warp and !row values are 
.. 
representative of the wafers in their free-standing 
state. For this reason, no vacuum was applied to the 
wafer chuck to hold the samples during the measurements. 
The whole three inch wafers were me~sured prior to 
" 
deposition, after depositio~, and after annealing to 
/ 
determine changes in the bow measurements. 
Wafer thickness was determined prior to.deposition, 
by measurement on a Heidenhain thickness gauge at five 
. ' 
positions on each sample. This gauge measures the 
26 
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Figure 2-2 Sample flatness map produced by the Autosort 
showing two views of the cont9ur of the 
wafer. Each contour , l·ine represents one 
change in bow or.- -W2l'r1') • • micron I 
" 
dif·f erence in height between a probe resting on the 
surface of the wafer and the reference table surface. 
Readings were taken on both sides of each slice and the 
smaller values were used to eliminate the effect of wafer 
bow on the thickness as measured in this manner. 
As a further investigation oE the stress in the 
,; 
films,stress measurements were made directly on the film 
surf~ce as the temperature was changed. Thick films 
.. 
(7500 - 12000 Angstroms) containing 0%, 5%, 19%, and 30% 
nitrogen were deposited on both· GaAs and Si substrates. 
This represents the entire composition range possible on 
this sputtering system. The samples for this study were 
also evaluated on the Autosort before and after nitride 
deposition,as described above, to determine the change in 
bow, and hence the stress in the deposited samples. This 
value was subtracted from subsequent bow measurements 
taken on the samples as they were heated to determine the 
change in bow caused by the increasing temperature. 
These substrates were measured on a FleXus stress 
Measurement System ( FleXus, Sunnyvale CA). This 
equipment is used to evaluate stress by recording the 
deflection and intensity of a beam.of laser light 
normally incident on the wafer surface as it is heated 
l_ t 
and cooled on a hot plate stage. The wafers were heated 
' \: 
I 
to 400C and cooled to room temperature at a rate of 10 
degrees per minute.· Changes in the flatness of the top 
' 
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surface of the substrate, caused by bowing in response to 
changing tempera~ures, can be detected by the change in 
direction of the reflected beam of light, and converted 
into temperature-dependent stress values. Plots of 
stress vs. temperature were further analyzed in order to 
gain additional information about the thermal behavior of 
these films. Two different substrate materials were used 
.I 
in order to calculate the thermal expansion coefficients 
and elastic stiffness constants of the films in the 
', 
entire composition range. These values are determined by 
the solution of simultaneous equations involving the 
slopes of the stress vs. temperature curves for a film of 
the same composition deposited on two different 
materials. 
Sheet Resistance 
Four point probe sheet resistance measurements were 
made on the whole wafer samples immediately after 
deposition, and again after furnace annealing. Whole 
p 
wafers were used to insure the presence of a relatively 
large film area .compared to the probe spacing.In this 
'> 
way, all measurements used the same correction factor in 
evaluating the sheet resistance - the factor for infinite 
film area compared to the probe spacing. [l] 
Measurements were made at 5 positions on each wafer 
"\,,'. 
:.tt 
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corresponding to the center and four quadrants of the 
. 
slice. These five values were averaged and used with the 
film thicknesses to calculate~ ,the resistivity of the 
film. 
Adhesion 
The adhesion of the film to the substrate was 
evaluated qualitatively by a peel test on a c9eaved 
/ 
sample. A strip of adhesive tape was -pressed down 
securely on the film such that it was securely affixed to 
' 
two cleaved edges on the sample. The tape was then 
. ~ 
pulled straight up starting at the cleaved edge and 
proceeding across the sample surface. The results of 
these peel tests were recorded as ''no peeling'', ''some 
peeling'', or ''easily pe·eled'', depending upon the extent 
to which the film was removed, and a rough estimate of 
the amount of manual force required to remove the film. 
Film Thickness 
Film thickness was measured on a Tencer Alpha-Step 
stylus type step height gauge. Thickness was evaluated 
both on adhesion samples, where the measurement ~as made 
from the film to the substrate revealeQ by peeling, and 
on the n-type substrates where the fi~lms were patterned 
30 
with photoresist and etched away in the process of 
" 
fabricating diodes. Film thickness determination on diode 
samples was especially necessary in those cases where the 
film did not peel~easily. 
Electrical Measurements 
The films deposited on device quali~y substrates 
were etched into diodes with sooum·diameters by a 
standard lithographic process. After etching the 
contacts, the samples were annealed in the standard 
furnace procedure listed earlier. Contacts of pure indium 
solder were applied to the back side of the samples. c-v 
profiles of the diodes were obtained using an HP Model 
4274A multi frequency LCR meter to determine the carrier 
concentration under the contact and the zero bias 
depletion width from the·change in capacitance in the 
diode at an AC frequency of lOOkHz. I-V curves were 
obtained on an HP model 4145A parameter analyzer with a 
Keithley electrometer and current source to evaluate the 
breakdown voltage and Schottky barrier height of the 
contact, 1 and the idea·lity factor. Breakdown voltage was 
selected to be the value of diode reverse bias where the 
" leakage current reached·lOOuA as the diode :was biased 
\ 
from -15 to ov. Ideality factors were calculated by the 
. ' 
instrument from the slope of the I-V curve. The Schottky 
31 
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. 
barrier height was also calculated by the equipment as 
the intercept of the curve in that same voltage range 
with the y-axis. Measurements were made at 4 or 5 sites 
on each sample. 
X-ray Diffraction 
' 
Samples of the films were analyzed by x-ray 
diffraction to determine the crystallinity of the films 
and the relative amounts of tungsten and tungsten nitride 
phases present. Annealed and unannealed films were 
examined to observe variations in structure as a function 
of the relative amount of nitrogen present in the 
sputtering chamber. The x-ray diffractometer used a 
filtered cu Ka radiation source operated at 45kV and 
40mA. Initial scans covered 2-theta values from 20-90 
degrees at a scan rate of 0.1 degree per second. 
Additional scans were taken at glancing angles of 4 and a 
degrees two theta to examine the film peaks only, and to 
determine if the films were of uniform composition 
throughout, or in a layered type of structure. 
•.\ 
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RBS 
Rutherford backscattering (RBS) analysis was used in 
order to correlate the percent nitrogen in the sputtering 
chamber ambient to actual film composition. Films 600-700 
Angstroms thick were deposited in ambients of 5%, 10%, 
15%, and 20% nitrogen in argon at 12mTorr total pressure, 
and 20% nitrogen in argon at 6 and 25 mTorr total 
pressure. In this way, changes in composition could be· 
evaluated both as a function of nitrogen partial 
pressure, and total chamber pressure. 
Spectra were obtained using He(+) ions with an 
accelerating potential of 2 MeV striking the samples in a 
channeling direction. The ions penetrated approximately· 
750-800 Angstroms into the sample surface, and thus 
interacted with both the film and the substrate. 
Compositions were determined-by the instrument by 
calculating the areas under peaks corresponding to the 
tungsten and nitrogen signals, and were reported as 
nitrogen-to-tungsten ratios. 
SIMS 
Secondary ion mass spectrometry was utilized to 
observe the amount of interdiffusion occurring between 
films of different composition and the substrate both 
33 
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before and after the standard annealing procedure. The 
cameca SIMS uses cesium ions to generate the secondary 
ions from the samples, which consisted of films still 
intact on the substrate surface. The distribution of Ga, 
As, w, N,_ c,and o through the thickness of the films was 
determined by sputtering the samples with argon to remove 
~ 
increasing amounts of material from the surface between 
subsequent analyses. Plots of relative ion counts were 
obtained to a depth of 6000 Angstroms, which includes 
samplings from the substrate material. 
Pitting 
As an additional method of determining the 
occurrence of gross As loss, substrate surfaces were 
examined for pits. Films were removed from annealed 
samples using a oxygen plasma strip process. The surface 
of the substrate previously under the film was examined 
by optical microscopy to determine whether the surface 
displayed any pitting, which would indicate As 
outdiffusion during the anneal process. 
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Results and Discussion 
Deposition Rate 
The deposition rate, calculated in Angstroms per 
sputtering pass, showed a dependence on the composition 
,/ 
of the gas in the sputtering chamber at the low end of 
the nitrogen partial pressure scale. The scan rate of 
the sputterer was held constant at 155 cm/min: in these 
., 
runs, since the deposition rate shoul·d have an inverse 
dependence on the scan ra~e. [23] Planar magnetron 
sputtering can display inherently non-uniform deposition 
rates, depending upon a number of factors such as the 
magnet location behind the target and field strength and 
uniformity. Substrate motion in a.scanning system can 
result in enhanced uniformity, as the sample moves 
completely through the entire glow discharge region; 
however, time-varying instantaneous deposition rates can 
also result, due in part to the variation of incidence 
' 
angles for the charged and uncharged incident 
particles.[19] 
With the equipment parameters such as substrate 
bias, source to s\ll?strate dist~nce and scan rate held 
constant, the only variable contributing to the rate in 
these films was the ambient composition. As can be seen 
in Figure 3-1, pure tungsten films grew at the fastest 
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Figure 3-1 The deposition rate of WN films as a 
function of nitrogen parlial pressure, 
expressed as Angstroms deposited per 
sputtering pass. Total pressure was 12 
mTorr. 6 
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rate, in excess of 100 Angstroms per sputtering pass. As 
the amount of nitrogen introduced into the sputtering 
chamber increased, the rate· of deposition decreased. 
Addition of the ~inimum amount of nitrogen, 1.21 in 
argon, decreased the sputtering rate a few Angstroms, 
from 106 to 100 A/pass. In the 0-41 range, the rate 
decreased rapidly as the nitrogen concentration 
increased. When the percent of nitrogen in the chamber 
rose above 4-51, the rate levelled at a value of 55-60 
• 
Angstroms. Above this concentration,the effect 
saturated, with no further decrease in the rate. 
One cause for the decrease in the sputtering rate is 
the change in the target material due to the formation of 
a nitrided layer on the originally pure tungsten target, 
which occurs during the pre-sputtering step. This drop 
in sputtering rate has been well documented for reactive 
sputtering of refractory metals with nitrogen-argon 
mixtures. [9,24,25] Since the sputtering yield of argon 
" 
atoms is lower on a compound target such as W-N than on a 
pure metal target such as tungsten, the rate of 
deposition will decrease as the degree of nitri,dation of 
the target inc~eases. 
The nitride reaction could theoretica1iy occur at 
any of three places: in the ambient, at the tungsten 
target, or on the substrate surface as the tungsten is 
being deposited. [16] Reaction between tungsten and 
" 
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nitrogen atoms in the sputtering ambient is not likely, 
due to the inability of a two-body collision to dissipate 
the energy released in the formation of the compound.[19] 
Whether the nitridation reaction occurs on the tungsten 
target or upon ~pe substrate is dependent upon the amount 
of nitrogen in the chamber. As wa~ mentioned above, the 
/ 
decrease in sputtering rate with increased nitrogen 
ratios indicates the presence of the compound on the 
target surface, as the formation rate of the compound at 
the target exceeds the removal rate of the tungsten. At 
~ lower partial pressures, the removal rate is much higher, 
and so the nitride is formed on the substrate as the 
nitrogen arrives. Typically a sharp drop in sputtering 
rate is seen when the reaction location changes from the 
substrate to the target, however, in this work, .the 
change was not abrupt. 
As the target material changes from a pure metal to 
a compound, more of the energy of the incoming ions is 
expended in generating secondary electrons which are 
' 
accelerated away from the~target by the field, since 
compounds generally have a higher secondary electron 
..-'- . 
\ 
yield than metals. [19] Whi:i. some of the secondary 
electrons may strike argon atoms in the plasma, and 
ionize them to sustain the sputtering, some of them will 
. ' pass through the plasma without contributing to the 
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sputtering process, but may cause damage in collisions 
with the substrate. 
The species removing target atoms is assumed to be 
predominantly argon ions, but nitrogen molecules could 
also be ionized in the chamber, since the ionization 
potential for molecular nitrogen is 15.576 ev, compared 
to 15.759 ev for argon atoms. Nitrogen ions, like most 
reactive gas ions, have lower sputtering efficiency than 
the inert ga~ ions. This, too, would cause a decrease in 
the sputtering rate as the relative nitrogen content 
increased. The choice of inert gas in the system can 
influence the sputt~~ing yield and deposition rate. 
Meta-stable inert gas atoms can be formed by collisions 
of ground,: state gas atoms and electrons accelerated from 
,."'.~ "1~::.-' 
the target. [16,19] Neon atoms in their metastable 
states ( 16 .-6 and 16. 7 eV) , have enough energy to ionize 
I 
N2 molecules to N2+ions in the discharge,in a process 
I~ 
called Penning ionization, whereas metastable Ar atoms 
with 11.s ev, do not. In turn, these N2+ ions are more 
reactive with the W target, leading to more nitrided W .i(n 
the flux to the substrate, and the growth of higher 
nitrogen-content films 
The effect of total chamber pressure on planar 
' 
sputtering is less than in conventional sputtering 
' \• I ·,' 
systems. The higher concentration of gas a,toms · 
accompanying an increase in pressure may act: ;.t,o shorten 
. y,/i'< ':\\·J01.-," 
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the mean free path of atoms in the sputtering chamber by 
,:., 
elastic collisions. This decreases the deposition rate 
by limiting the rate at which argon ions arrive at the 
'' 
.:) 
tungsten target. In addition, elastic collisions also 
affect the energy with which particles arrive at the 
substrate. This can reduce the effect of ion 
bombardment, or the depth into the surface incident 
particles will penetrate. However at lower pressures, 
the efficiency of ion collection at the cathode;drops, so 
the deposition rate drops! 
Due to the nature of the reaction between the 
reactive gas and the target, relative flow rates do not 
always indicate the actual partial pressure in the.glow 
discharge. If the nitrogen supplied to the chamber is 
being consumed in the reaction with the target, then the 
partial pressure in the plasma will be low. When the 
target reaction has saturated,either due to higher 
nitrogen to argon ratio, or increased supply due to 
increased flow rate, then the additional nitrogen will be 
in the plasma. There it may act to slow the deposition 
rate either by its tende~cy to shorten the mean free path 
of the argon, or its lower sputtering yield. This effect 
.. 
of higher flow rates on deposition rate was observed for 
depositions using identical· flow ratios (considered to be 
identical partial pressures) but differing total flow 
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rates. Higher flow rates resulted in lower deposition 
rates, as can be seen in the table below: 
Flow 
Ratio 
2.51 
Table 3-1 
Total 
Flow 
Rate 
(seem) 
70.15 
72.25 
75.10 
76.75 
Deposition 
Rate 
(A/pass) 
104 
90.3 
64.0 
69.3 
Determination of the actual nitrogen partial pressure in 
the plasma requires a detection system using a 
spectrometer - mass, optical emissivity, etc. -
positioned suitably close to the target to detect the 
concentration of species present. Sputtering at constant 
partial pr~ssure in the plasma requires specialized 
equipment capable of receiving constant feedback from the 
spectrometer, which in turn automatically controls the 
flow rates. For this work, the partial pressure reported 
was calculated from the relative flow rates of the argon 
and nitrogen measured before they entered the sputtering 
chamber. 
,, 
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Composition 
\·1 The composi.tional variation of films deposited in an 
Ar-N ambient with differing nitrogen partial pressures 
was determined by Rutherford backscattering (RBS) and is) 
presented in the table below: 
% Nitrogen 
5 
10 
15 
20 
20 
20 
Table 3-2 
Pressure (mTorr) 
12 
12 
12 
12 
6 
25 
N/W Ratio 
0.10 
0.23 
0.35 
0.43 
0.29 
0.73 
There is a linear relationship between the ratio of 
nitrogen and argon flow rates into the sputtering chamber 
and the amount of nitrogen incorporated in the film, in 
the range investigated here. Figure 3-2 shows the plot 
of the N to W ratio in films sputtered in 5,10,15,and 20% 
nitrogen in argon, with a chamber pressure of 12mTorr. 
The data fall on the line Y = (0.022) X which passes 
directly through the origin. In addition, data obtained 
for films deposited in 20% nitrogen at total pressures 
ranging from 6 to 25 mTorr show a similar linear 
relationship. Figure 3-3 shows the plot of N/W ratios 
vs. total pressure is again a straight. lin~ with a nearly 
identical slope: Y = 0.023 X + 0.152. These. results are 
.. 
in general agreement with other investigators [13] who 
I 
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Composition vs. Partial Pressure 
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Figure 3-2 Film composition, expressed as nitrogen to 
tungsten ratio, as a function of nitrogen 
partial pressure, determined by RBS. The -
total chamber pressure was 12 mTorr. 
43 / 
,• 
Composition vs. T otoJ Pressure 
0.90 
0.80 
0.70 
0 0.60 
.... 
~ 0.50 
~ i 0.40 
0.30 
0,20 
0.10 
0 4 a 12 11 20 14 
TOTAL fRESSURE <mTORR) 
• 
0 Figure 3-3 Film composition as a function of chamber 
pressure, as determined by RBS.· The 
nitrogen partial pressure was 2ot. 
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report linear relationships between partial pressures and 
composition of films in almost all ranges of partial 
pressure. 
In addition to tungsten and nitrogen, argon peaks 
were also seen in the RBS analysis. This is a normal 
occurrence, as the argon atoms are reflecte from the 
target and move along with the tungsten and nitrogen 
atoms to the substrate, and are incorporated into the 
film. Subsequent heat treatments allow the argon to 
escape from the deposited film as the.film densifies. 
To determine the phases present and the crystalline 
nature of the films, x-ray diffraction data were 
collected of films in their as-deposited and annealed 
states. In general, all films examined in the as-
, ... · deposited state showed peaks corresponding to tungsten 
only, regardless of the amount of nitrogen in the 
sputtering ambient. This means that the nitrogen is not 
being incorporated in a tungsten nitride phase directly, 
but is filling the interstitial spaces and grain 
boundaries. Figure 3-4 shows representat-ive diffraction 
~ 
patterns from films deposited in 0%,. 2.51,. 51, and 101 
nitrogen. The patterns from pure tungsten films 
contained peaks corresponding to reflections from (110), 
(200), (211), and (220) planes in alpha tungsten, in 
addition to the (200) and (400) peaks from the GaAs 
, 
substrate. Alpha tungsten is the body-centered cubic 
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Representative X-ray diffraction patterns of 
films from tungsten targets sputter~d in 
nitrogen. a.) Pure tungsten b.) 2.51 N2 _ 
c.) 101 N2 
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phase with a lattice parameter of 3.1648 A (JCPDS File 
card# 4-0806) [26] normally associated with this 
element. 
The addition of small amounts of nitrogen to the 
chamber resulted in films containing the beta phase of 
tungsten. This phase is an allotropic form generally 
considered to be stable below 630°c. Beta tungsten is 
believed to be formed due to oxygen or other impurities 
from the target which are bound to the tungsten during 
sputtering. [8] While the phase may exist as the metallic 
compound w3w rather than the metal oxide w3o or nitride, 
w3N,it is formed only in the presence of small amounts of 
oxygen, nitrogen, or other impurities. Its structure is 
• 
I 
A-15 with eight atoms per unf,:t cell arranged as an A3B \. 
compound in the following way, as seen in Figure 3-5: 
B: 
A: 
0, 0, 0 
QI 1/4 I 1/2 
1/4, 1/2, 0 
1/2, 1/2, 1/2 
• 
o, 3/4, 1/2 
3/4, 1/2, 0 
1/2, 0, 1/4 
1/2, 0, 3/4 
with a lattice parameter of 5.046 Angstroms. [27] In 
studies on the formation of the beta phase of tungsten, 
Petroff et al., [28] found that the ordered phase of w3w 
does not account for all of the diffraction rings they 
observed. Instead, they predicted that a combination of 
the ordered w3w structur~, along with two faulted 
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structures containing partial dislocations\with Burgers 
vectors of l/2a<ll0> would prodU:ce the (iffraction 
patterns observed, since these faulted structures would 
have allowed reflections from the {001},{300}, and {221} 
families of planes. Calculated intensities from the 
various planes of beta tungsten indicate that the 
strongest peaks should arise from the (210),(211),(321) 
and (200) planes. 
In order to determine the two theta values at which 
the diffracted peaks for the beta phase should occur, 
calculations were made using Bragg's law: 
n A = 2d sin 8 
Here dis the spacing of the (hkl) planes obtained from 
the relation for cubic lattices: 
_ _a_2 = d2 
hZ+Jc2+12 
where a is the lattice parameter for beta-tungsten, 5.04 
Angstroms.From these calculations, the data in the 
following table were obtained: 
hkl 
200 
210 
211 
310 
222 
320 
400 
411 
420 
, 
421 
Table 3-3 
2 ff 
35.58 
39.95 
43.95 
57.77 
63.91 
66.85 
75.34 
80.81 
86.19 
88.87 
49 
d 
2.5200 
2.0576 
2.0576 
1.5938 
i.4549 
1.3978 
1.2600 
1.1879 
1.1270 
1.0998 
The observed diffraction peaks for the various films 
after deposition and annealing are described below and 
summarized in Table 3-4. In a sputtering ambient 
containing 1.51 nitrogen, beta tungsten peaks 
/ 
corresponding to reflections from the (200), (211), 1 
(400), and (420) planes can be found. With the increase ~ 
in nitrogen in the chamber, the relative intensity of the 
beta phase peaks increases, accompanied by a decrease in 
the intensity of the alpha phase peaks. When the ambient 
composition reached 5% nitrogen, a noticeable change in 
the nature of the diffraction pattern was seen. The beta 
peaks were very strong, and most of the alpha tungsten 
peaks had disappeared. The peak centered at 39.9 degrees 
two-theta began to show broadening at its base, 
indicating a change in the crystalline nature of the 
film. ~ The assignment of this particular peak is somewhat 
ambiguous, since it appears to fall in the same angular 
range as the other (110) reflections for alpha tungsten. 
However, the d-spacing of planes diffracting at this 
angle is 2.2593 A, wider than the spacing for the (110) 
planes, 2.2379 A. This may be explained by the fact that 
. 
the tungsten lattice is dilating as it incorporates more 
and more nitrogen in its interstices. Alternatively,the 
d-spacing is very close to the value for the (210) planes 
of beta tungsten, 2.2540 A. This assignment is supported 
by'the absence of other alpha phase peaks in the pattern, 
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•lph•-W 
(hkl) 2 e 
(110) 40.250 
(200) 58. 235 
(211) 73.164 
(220) 86.972 
b•t•-W 
(hkl) 2 e 
(200) 35.580 
(210) 39.950 
(211) 43.950 
(400) 75.340 
(421) 88.874 
V, 'ANNEALED 
t--J 
alph•-W 
(hkl) 2 e 
(110) 40.250 
(200) 58.235 
(211) 73. 164 
(220) 86.972 
W2N 
(hkl) 2 8 
< 100) 37.720 
<200) 43.832 
(220) 63.708 
(311) 76.482 
(222) 80.225 
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I I 1. 298 0. 11 I I I I I I I I 
l.llCJ I. 121 0. 17 • • l. 124 0.07 
I I l. 124 0.07 I I 
• • • • • • 
d d I d I 
I I d I • • 
2.520 2.519 4.57 2.523 4.57 • • 2.532 0.50 I I 
2.254 2.250 • • 2.259 0.4b • • 
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I I 2.060 0.04 I I 
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I I I. 264 0. 1 £ I I 
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I I 1. 101 0.01 I I 
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-----i-J:T-- 1. 2X N 2.% N 5::1. N 10% 
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d d d I 
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I I I t 
I I 
2.238 2.247 14.04 I t 2.242 15.83 
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I I 2.236 0.61 
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I I I. 584 0.24 I I 1. 581 o. 15 I I 1 .. 583 0.21 
I I 1•585 0.07 
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I I I I •• • • 
1 • 292 1.296 1. 76 I I 1. 293 3.51 • • 1. 294 1. 78 
I I 1.290 0. -41 • • 1 - ;?')3 0.33 I I I. 2~3 o. 16 
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I I • • 
I I 
I. 11 CJ 1.122 0.46 I I 1. 12 l 0.57 • • 1. 121 0.62 
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t I I I 
d d I 
I I d I I I d I I I d I I I I I I I 
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I I 2.063 0.23 •• 2. 063 0.37 . ' 2.058 0.73 • • I I I I 
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Tabla 3-4 Assignment of Observed X-ray Peaks. 
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and by the fact that it should be one of the most intense 
peaks from that phase. 
Diffraction patterns take~ from samples deposited in 
' ~~ 
I -, 
ambients of 10% nitrogen and ab~e show only a very broad 
peak starting at approximately 35 degrees and ending at 
approximately 49 degrees two theta. This indicates an 
amorphous film of tungsten, due to the addition of the 
nitrogen impurity into the lattice. This agrees with the 
results of others who report the formation of amorphous 
films as the nitrogen concentration reaches a given 
value. [10,11,12,13,16,17] The percent of nitr~gen in 
the ambient found to create amorphous films was 
approximately 8 - 20% N2• In the work by Huber and Aita 
C 
[16] the broad ~eak in the vicinity of 39 degrees was 
assigned to ''microcrystal line W (N) 11 , indicating 
crystallinity only over very small distances in the film. 
No amorphous phase was observed by these workers when the 
sputtering was done in a neon-nitrogen ambient instead of 
an argon-nitrogen ambient. This was attributed to the 
different species formed in the plasma due to the Penning 
io~ization discussed earlier. No other peaks arising 
from either tungsten phase are seen in this higher 
nitrogen composition range. 
Regardless of the nature of the films as deposited, 
all films were crystalline after the heat treatment at 
soo0 c for 10 minutes, as ca:n be seen in the sample XRD 
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pattern in F!gure 3-6. In addition, the beta phase was 
absent from all films after annealing, which may be an 
indication this phase is formed as w3o, and the annealing 
reduces the oxide to pure tungsten. [8] This is 
I • ·~ 
' 
consistent with the results of other workers 
[10,11,12,16,17] who report the formation of beta 
tungsten during deposition, and the disappearance of this 
phase after subsequent annealing, due to the reported 
instability above 600°c, and the,,:.crystallization of w2N 
·.r', :_ 
which occurs at approximately the same temperature. When 
the amount of nitrogen in the sputtering chamber was 
below 2.5%, only alpha tungsten existed in the annealed 
film. However, the d-spacings of some planes, 
particularly the (110) planes were much greater than 
normal, again indicating the presence of nitrogen within 
the lattice. In all films deposited in nitrogen ambients 
with compositions of12.5% and above, the nitride phase 
w2N was found to occur. The decrease in the intensity of 
the alpha tungsten peaks accompanied by the increase in 
the height of the nitride peaks indicates that the 
, __ .·, 
nitride is being formed at the expense of the formation 
of the pure tungsten as the amount of nitrogen in the 
ambient increases. In addition, the d-spacing of the 
tungsten planes was found to decrease to more normal 
values as the nitride phase formed, suggesting that the 
nitrogen was being incorporated in a separate phase, 
I 
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Figure 3-6 x-r~y diffraction patterns after furnace 
anneal at aoo0 c tor 10 minutes,. a.) 2. 51 N2 
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rather than residing entirely in the interstices in the 
tungsten lattice. 
Glancing angle diffraction patterns of fil~s from 
2.5% and 101 nitrogen ambients were examined to determine 
the phases present after rapid thermal annealing at 
various temperatures for 60 seconds. The glancing angle 
technique was used to avoid interference from the very 
high intensity of the GaAs (400) peak which could obscure 
the film peaks due to their close angular relation. The 
10% film was amorphous as deposited, but after annealing 
at 6oo0 c, peaks from tungsten nitride were visible in the 
pattern. The peaks became narrower after annealing at 
higher temperatures, as crystallization progressed, and 
longer range order was established. The crystallization 
temperature for tungsten nitride has been reported in the 
literature to be approximately 620°C,[10,ll,12] or as 
high as 100°c. [27] The reason for the appearance of the 
nitride phase in the film annealed at 6oo0 c may be due to 
the temperature control capabilities in the RTA. 
The 2.5% film was crystalline as deposited, and 
peaks from both the alpha and beta phases of tungsten 
were seen in the patterns for films annealed at 400, 500, 
and 6oo0 c. The 1 degree glancing.angle patterns from 
.0 
films annealed at 700 and soo0 c showed only peaks from 
alpha tungsten, but no nitride phase. Patterns taken 
from a higher angle of 8 degrees again showed only 
( 
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tungsten for the 100°c film. The soo0 c pattern contained 
the (100) w2N peak, however it was not completely 
resolved from the (110) tungsten peak. A similar 
"·'' 
glancing angle pattern was taken for a 4.51 nitrogen film 
which had been annealed by the standard furnace method 
and similar results were found. No nitride phase was 
detected for an angle of 1 degree, but when the angle was 
set for 8 degrees, then definite w2N peaks were seen 
which were quite clearly resolved from the background and 
the tungsten peaks. The standard Bragg pattern for the 
anneal~d 4.51 film also clearly showed the nitride phase, 
as did the patterns for 2.51 films annealed in the 
standard method and analyzed by the standard Bragg 
method. This suggests that nitrogen may have been lost 
from the surface regions of the film during the anneal, 
forming thermodynamically stable N2 gas at the same time 
as the change from beta tungsten to alpha tungsten takes 
place. This same nitrogen loss does not appear to occur 
to as great a degree in films which are amorphous as 
' 
deposited, as shown by the 101 films. Loss of nitrogen 
has been reported for other nitride films annealed above 
100-aoo0 c in various ambients including vacuum, 
arsine/hydrogen, and nitrogen. [9,10,13] 
( 
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Resistivity 
Four point probe measurements were taken to 
determine the sheet resistance in ohms/square, which was 
then multiplied by the film thickness in 10-8 cm in order 
to obtain.values of resistivity in units of micro-ohm-cm. 
The dependence of sheet resistivity on nitrogen partial 
pressure in the sputtering chamber is evident in Figure 
3-7. Measurements taken immediately after deposition 
show a minimum resistivity of 20 micro ohm-cm for the 
pure tungsten film, and rapid increase with small amounts 
of nitrogen addition, t~ 140 micro ohm-cm for films 
deposited in 2.5% N2• Above this composition, the 
increase is much more gradual, rising only to 200 micro 
ohm-cm for 20% N2• Again, this correlates to the crystal 
structure of the as-deposited films. Beta tungsten 
begins to appear in the film with the addition of small 
amounts of nitrogen, and the fraction increases with 
'J 
increasing nitrogen. At 51 nitrogen, the film was -.· 
already beginning to show signs of being partially 
amorphous. The combination of a higher resistivity phase 
fozmation and the change in crystal structure from 
crystalline to amorphous should have the effect of 
raising the resistivity, which is the observation in this 
case for increasing concentrations of nitrogen. 
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Resistivity vs.Composition 
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Figure 3-7 
- . 
Resistivity of nitride films as deposited 
and after annealing as a function of 
nitrogen partial pressure, expressed as 
percent nitrogen. 
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After the furnace annealing step, the re~istivity of 
most of the films. dropped significantly, again owing to 
the transformation from an amorphous to a crystallin~ 
structure, and due to the removal of the beta-tungsten 
phase, which has a resistivity of 150-350 micro ofim-cm. 
[16] Films from ·10% nitrogen ambients which were 
annealed at various temperatures in the rapid thermal 
l· 
annealer (RTA) displayed decreasing values for 
resistivity, ranging from 141 micro-ohm-cm for the 
unannealed films to 66.1 micro-ohm-cm for a film annealed 
at aoo0 c for 1 minute. Figure 3-8 shows that the 
decrease was nearly linear over this temperature range, 
with no abrupt shift expected for recrystallized films. 
This corresponds well to the results of x-ray diffraction 
taken of the films annealed at these temperatures, since 
the amorphous structure was first replaced by one 
composed of small crystallites, which grew in size as 
evidenced by the peak widths in the patterns. 
The resistivity measurements taken on 2.51 nitrogen 
films varied widely as the annealing temperature was 
increased, and did not show the same downward trend as 
the 101 films. In addition, sheet resistance 
measurements made at various position on the same sample 
varied by several ohms/square in some cases. In light of 
the data obtained from x-ray diffraction, it would appear 
that the change in composition of the film due to 
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nitrogen loss at the surface has an effect on the 
resistivity, although RUre tungsten films have lower 
resistivity than any of the nitride films. Kattelus et 
al. also observed a loss of nitrogen from nitride films 
after annealing at soo0 c in vacuum. Only the body-
centered cubic tungsten peaks remained in the XRD 
spectra, and the resistivity was found to drop to 
approximately 30 micro ohm-cm, which is still higher than 
~ 
bulk tungsten which is 5 micro ohm-cm. (10] 
Adhesion 
As was described in the experimental section, film 
adhesion was evaluated qualitatively by the relative ease 
of removal of the film by peeling it from the substrate 
with adhesive tape. The procedure was found to give 
quite consistent results, as in most cases the films 
peeled easily from the substrate, or required very little 
force to peel. Films of pure tungsten, and films with 
nitrogen content in excess of 71 were found to peel very 
easily. However, films deposited in 1.2 - 31 nitrogen 
~ 
ambients would not peel from the substrates. In some 
cases, the sample broke from the peeling force, but no 
. I delamination of the nitride film occurred. This 
contrasted sharply with the films outside this 
composition range, .some of which peeled even before the 
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tape was completely affixed to the surface. No data could 
be obtained for compositions between O and 1.31 nitrogen, 
due to the inability to control nitrogen flow rate below 
0.9 seem. The best adhesion thus appears to occur in the 
composition range where the beta-tungsten phase was first 
found to exist, and similarly, the adhesion quality 
tapers off as the film structure begins to turn 
amorphous. 
Typical factors in adhesion failure include surface 
cleanliness, reactivity or bonding between the film and 
the substrate, nucleation density and high stress due to 
intrinsic differences or thermal mismatch. Surface 
cleanliness is an issue because of the difficulty in 
producing a clean GaAs surface. Native oxides form on 
the surface within ten minutes after stripping by wet 
chemical methods. The presence of gallium and arsenic 
oxide and hydroxide phases detected by x-ray 
photoelectron spectroscopy on the substrate surface prior 
to deposition is believed to cause adhesion failure of 
films of gold on GaAs surfaces. [29] Water treatments 
such as soaking and rinsing were found to promote the 
formation of these oxygen-containing compounds which are 
not normally removed before deposition. Ideally, then,-
the best surface for deposition from a contamination 
standpoint is one obtained by in-situ cleaving in the 
high vacuum sputtering environment. In this method, the 
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surface is never exposed to air before the film is 
deposited, thus preventing the formation of gallium and 
arsenic oxides and hydroxides, and eliminating the need 
to remove them without further surface contamination. 
While this in-situ cleaving technique may produce a 
sur~ace which is free of contamination, it is not readily 
performed in most sputtering chambers (including the one 
used for this work), and the area exposed for deposition 
is typically quite small, thus making this an impractical 
procedure for large-area deposition. Similarly, the 
surface can be back-sputtered in-situ to remove surface, 
material, however this technique can also roughen and 
damage the surface. 
The removal of surface oxides is important when the 
deposited metal does not react with oxygen, as in the 
case of gold discussed above. However, a monolayer of 
oxygen can promote adhesion if the formation of an oxide 
of the deposited metal is an energetically favorable 
reaction. In the case of tungsten nitride on GaAs, the 
tungsten and nitrogen atoms would be bonding with the 
oxygen atoms from the oxide layer on the substrate. 
-Since all substrates in this work received the same 
pre-sputter treatment, and experienced the same time 
interval between cleaning and loading into· the vacuum 
'\ I 
system, the cleanline:ss of the surface can/ ~ot be the 
(_,/ 
cause of the variation of adhesion, considering the 
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consistency of the adhesion failure-to-composition 
relationship. This dependency upon composition was 
observed regardless of the sequential order of the 
sputtering runs or the length of time separating runs of 
similar composition. The cleaning procedure for these 
experiments utilized a solution of ammonium hydroxide and 
water for the purpose of dissolving the gallium and 
arsenic oxides which are soluble in alkaline solutions. 
[30] This is the same type of solution described above. 
which was found to promote oxide and hydroxide growth on 
the ''clean'' surface from which the gold films were found 
to peel quite easily, due to the chemical nature of the 
interface. 
Nucleation density in the initial stages of film 
growth is difficult to determine, yet this property 
influences the adhesion, as well as the crystal size and 
orientatio~, which in turn can affect other properties. 
' i . 
Typically, the sputtering process enhances adhesion 
between materials that would normally not adhere to each 
other. This phenomenon is attributed to the high energy 
with which the sputtered atoms arrive at the surface. 
This energy enables the atoms to penetrate the surface, 
which either enhances adhesion directly, or provides 
centers for enhanced nucleation. ·[21] The change in film 
adhesion occurs at the same _composition as the onset of 
beta-phase formation, as determined by x-ray diffraction. 
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The degree of lattice parameter mismatch between beta-w 
and GaAs is much less than the mismatch.between GaAs and 
the alpha phase. This suggests that the repeat spacing 
of the bonding sites on the substrate are much closer to 
the repeat spacing of the film containing beta-w compared 
to the alpha tungsten film obtained in pure Ar ambients. 
At higher nitrogen ambients, the film is amorphous as 
deposited, and the effect of similar spacing is once 
again lost. Concurrently, the adhesion was found to 
degrade in films deposited in 5% nitrogen and above. 
' 
Reactivity between the film and substrate, a known 
promoter of adhesion, is not desired in the case of gate 
contacts, so choices of gate materials are made such that 
the substrate-film interface remains abrupt with little 
or no reaction or interdiffusion taking place. Tungsten 
forms compounds with arsenic, WAs and w2As3 , but these 
compounds were not detected in the films studied here. 
Nitrogen, being a Group V element, could substitute for 
arsenic in the lattice with no loss of electrical 
neutrality, however once again there was no evidence to 
suggest this was occurring in these films from the 
techniques employed. The absence of compound formation 
and reaction at the interface can explain why film 
adhesion would be poor, but not why films in one 
composition adhere so much better than the others. 
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The final reason for adhesion failure listed 
earlier, namely high stress, appears to be one cause for 
the differing adhesion behavior. Films 500A thick grown 
in 10% nitrogen, a composition normally associated with 
poor adhesion, displayed excellent adhesion 
characteristics. In one case, the sample broke under the 
force applied to the tape, but no delamination was found 
to occur. This sample received all of the same pre-
sputtering surface treatments as the thicker films, so 
surface conditions should be consistent with the thicker 
films. Predictions of adhesion behavior based on stress 
measurements would favor the opposite results: poor 
adhesion where stress is high and good adhesion where 
stress is low. However, the highly variable nature of 
the adhesion of the film to the wafer surface, poses a 
question as to whether the film is exerting its full 
stress on the substrate, or the remnant of stress after 
adhesion failure. If the film adhesion is not strong, 
slippage of the film across the surface of the wafer can 
occur, which would allow some relaxation of the stresses. 
This theory would explain why the adhesion is so strong 
where the stress is at the maximum value measured for any 
samples, and so poor whe~e the stress ia low. However, 
adhesion failure of blanket films results in flaws in the 
film such as wrinkling or cracking, depending upon the 
nature of the stress, which are visible under a light 
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microscope. No such flaws were vi·sible in the blanket 
films which were 4000A thick. However, the lOOOOA thick 
film deposited in 2.5% N2 showed.signs of cracking after 
heating to 400C during in-situ stress measurements. 
After an soo0 c anneal, a greater degree of cracking was 
observed in the film. Although this film had the highest 
degree of stress, it did not peel after deposition. 
stress 
Stress in the as deposited and annealed films was 
evaluated by the grazing incidence interferometer 
technique. The Autosort flatness tester analyzes the 
interference fringe pattern caused by the lack of 
parallelism between the wafer's top surface and the plane 
of a prism through which laser light is directed. An 
internal software package calculates the bow and warpage 
values based on the interference fringe patterns. Bow is 
defined as the distance in microns between the exact 
center of the wafer and a best-fit focal plane for the 
whole surface of the wafer. This best-fit focal plane 
Cl· 
has the least amount of deviation between it and all 
points on the surface of the wafer, similar to a least 
squares type of best-fit calculation •.. Measurements were 
~ 
made with no other force such as vacuum or clamps holding 
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the wafer, which may have provided sources of deformation 
other than that of the film attached to the substrate. 
The sign of the bow measurements indicate the 
direction in which the center of the wafer deviates from 
flatness. Therefore the reading is negative if the wafer 
bow is concave, that is, the center of the wafer surface 
with the film is lower than the_edges of the wafer. If, 
by contrast, the wafer center is higher than the edges, 
the bow is given a positive value. For further 
calculations, the difference between the final and 
initial bow measurements is determined by subtraction: 
bow(final) - bow(initial). This value will be negative 
if the height of the wafer center has become lower with 
respect to the wafer edges, regardless of the nature 
(i.e., concave or convex) of the initial and final bow 
values. Conversely, when the nature of the stress 
derived from this difference is designated as compressive 
or tensile, a different sign convention is used. When a 
film is bowed in a concave direction, this indicates the 
film is in tension, since it has a smaller linear 
dimension and would ... contract if it were not held by 
bonding forces to the substrate. ·So, the concave 
substrate-film couple would have a negative value of bow 
for the reasons mentioned above, but the film would also 
have.tensile stress, which by convention is assigned a 
positive value. Similarly, a wafer bowed in a convex 
~ 68 
direction has film in compression, so it has a positive 
value of bow, ut.a negative value of stress. 
stress calculations are made using the following 
equation: (31] 
u - E 
6(1-v) 
T2 
t R 
dynes/cm2 
where Eis Young's modulus,8.53 x 1011dynes/cm2 for GaAs, 
vis Poisson's ratio,which is 0.31 for GaAs. [17] E/(1-v) 
is the elastic stiffness parameter for the substrate, 
which is 1.24 x 1012 dynes/cm2 , Tis the substrate 
thickness, tin the film thickness, and R is the radius 
of curvature of the substrate and film. R is derived 
from the equation R = c2;s b where C is the wafer 
diameter over which the bow measurements were taken, 
which was 6.5 cm in this work, and bis the change in 
the wafer bow measurement. This gives the expression for 
Ras: 
R = 5.281 
b 
which changes the stress equation to: 
u ·== 1.24 X 102 
6 X 5.281 
= 3.91 X lOlO X T2 b 
t 
,/ 
Inserting conversion factors in order to use normal units 
for T, band t of mm, µm, and A, respectively, changes 
the equation to: I 
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• u • 3.91 x 1012 T2 (mm) b (um) t(A) 
dynes/cm2 
which is the equation used to calculate the stress from 
the bow measurements. 
stress values obtained from bow measurements before 
and after deposition showed a relationship to composition 
paralleling that of the adhesion, as can be seen in 
Figure 3-9. The pure tungsten films were in compression 
with a stress of approximately 1.5 x 109 dyn/cm2 • As 
the amount of nitrogen in the film increased in the range 
of 2.5 to 6% the stress became tensile, reaching a 
maximum of 9.1 x 109 dyn/cm2 for 5% nitrogen content 
films. Increasing the amount of nitrogen in the film 
further caused a decrease in tensile stress, and a switch 
to compressive stress once again at approximately 8.5% 
nitrogen. Above 8.5% the stress appears to level off in 
the range of -1.5 to -2 x 109 dyn/cm2 compressive stress. 
Annealing the films by the standard furnace process of 
aoo0 c for 10 minutes allows the films to relax and 
relieve the stresses caused at deposition; that is, the 
' 
changes in bow which occur during annealing are directly 
opposed to the changes occurring during the deposition 
process. It is during this anneal that argon incorporated 
0 
in the film escapes. In addition, nitrogen can also 
escape from the film at thi• time. If the excess 
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nitrogen in these films is causing a dilation of the 
tungsten lattice or filling the grain boundaries between 
tungsten grains, then higher nitrogen content would be 
expected to cause compressive stresses in the films, 
which is in contrast to the observed results. 
The very high stress after deposition for the films 
deposited in 1.5 to 2.5% N can be explained when the 
x-ray data is also taken into consideration. Nitrogen 
does not dissolve to an appreciable extent in tungsten -
only 0.17 at%. (32] According to RBS data, the amount 
of nitrogen in the 1.5% N2 ambient film, has already 
exceeded the solubility mentioned by Hansen. However, 
the x-ray data show the formation of the beta-phase has 
already occurred in the as-deposited films from ambients 
containing 1.5% N2 • The precipitation of this second 
phase could be the cause of higher tensile streeses in 
the film, since,as was mentioned earlier, this 
concentration range also shows very good adhesion, 
believed to be due to optimized overlap of film and 
substrate bonding sites. The decrease in stress with 
higher nitrogen concentrations may be related to the 
crystalline to amo:tphous transition affecting the stress 
in the same manner as it affects the adhesion. 
Thermal expansion coefficients and elastic constants 
were obtained for films with four different compositions 
., 
spanning the entire range from o to 201 nitrogen partial 
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pressures. These values were obtained from in-situ 
< 
measurements of the wafer curvature based on the 
deflection of a beam of laser light directed at the wafer 
surface the temperature cycling process. Using the 
equation shown above with the bow values from the beam 
deflection measurements, stress could be evaluated as a 
function of temperature. In addition, any changes in the 
film, such as stress relaxation can be tracked from the 
plots of stress vs. temperature. The change in stress as 
the temperature changes may be due to one of several 
factors: intrinsic stress, thermal mismatch, stress 
relaxation, or densification. [33] Intrinsic stresses 
present in the films are a function of the deposition 
parameters. Thermal mismatch, or difference in thermal 
expansion coefficients between the film and substrate can 
cause stress during heating or cooling. Stress 
relaxation occurs due to plastic deformation in the 
film, particularly during heating. Densification of the 
film typically occurs during heating when the gasses 
trapped during sputtering escape, and defects and 
f) 
dislocations condense or are otherwise annealed out of 
" 
the film. 
Plots of stress versus temperature derived from in-
~ 
situ bow measurements are shown in Figure 3-10 for films 
deposited in o, 2.5, 10, and 201 nitrogen ambients. The 
solid and dotted lines represent results for films 
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deposited on GaAs and Si films, respectively, while the 
arrows on the curves show the manner in which the 
temperature was changing (i.e., heating or cooling) for 
each section of the curve. The slope of the curve for a 
film deposited on GaAs is of the opposite sign compared 
to the curve for the same composition film deposited on 
Si. This indicates that in each case, the thermal 
expansion coefficient of the nitride film lies between 
that of Si and GaAs. The maximum temperature at which 
these measurements were made never exceeded soo0 c in 
order to prevent As loss from the GaAs substrate into the 
ambient or into the nitride film. In this range, the 
average thermal expansion coefficient is 3.32 x 10-6 c-l 
for (100) Si and 6.40 x 10-6 c-l for (100) GaAs. (34] 
For the pure tungsten film on GaAs, the stress 
increases in a linear manner to higher values of tensile 
stress as the temperature increases from 20 to 200°c. At 
approximately 250-260°c, an abrupt change in the curve 
can be seen, as the slope of the curve becomes more 
positive. This increase in tensile stress indicates the 
onset of film densitication, where the- film would 
decrease in linear dimension with respect to the 
substrate. The curve for a pure tungsten film on a 
silicon substrate undergoes a similar change in that 
~ temperature range, again becoming more tensile as the 
temperature 'increases. The cooling section of both 
75 
curves show only an elastic component due to the thermal 
mismatch between the films and the substrate materials. 
[35] 
• 
The stress versus temperature curve of the 2.51 N2 
film on GaAs did not show densification in the same 
manner as'the other nitride films. This film was highly 
stressed after deposition, and this stress became 
increasingly tensile at higher temperatures,ireaching a 
maximum of 1.2 x 1010 dynes/cm2 at approximately 210°c. 
At this temperature, the plastic deformation associated 
with relaxation begins, as indicated by the decrease in 
tensile stress values. The film of this same composition 
deposited on a Si substrate did not show any significant 
plastic deformation over this temperature range. It may 
be that any stress relaxation occurring was cancelled by 
film densification, which would increase the tensile 
stress. However, no densification of the film was found 
to occur on the GaAs substrate. 
Nitride films deposited in 10% and 201 N2 both 
underwent film densification. The 101 film showed an 
onset of plastic deformation at approximately 100°c while 
the 201 N2 film densification began at appr~ximately 
•' 20cc. None of the films examined here crystallized in 
the temperature range utilized, so these two film 
remained in their as-deposited amorphous state throughout 
these in-situ measurements. The densification 
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represented in these curves is therefore not associated 
with a change in structure from an amorphous state to a 
regular periodic lattice, but rather a rearrangement into 
a more closely-spaced structure due to the motion of 
vacancies or loss of entrapped argon or nitrogen. 
The biaxial elastic modulus, or elastic stiffness 
parameter for the film, Ef / (1-v), was calculated for 
each film using the stress vs. temperature curves for Si 
and GaAs substrates. The theory behind the calculation 
states that the change in thermal stress for two 
temperatures, Tl and T2 can be represented by the 
following equation 
u(T2) - u (Tl)= [Ef/(1-v)] (as - a f] dT 
where the subscripts f ands refer to the film and 
substrate, respectively, and a is the thermal expansion 
coefficient. If it can be assumed that the elastic 
/ 
stiffness parameter Ef / (1-v) and a remain constant to 
some degree over the temperature range of interest, then 
the equation shown above reduces to: [31] 
• 
dU = Ef (as~af) 
dT (1-v) 
where d u /dT is obtained from the slope of the stress-
temperature curve, and as is the tabulated value for the 
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substrate. (34] Inserting these values into the equation 
leaves two unknowns, the elastic stiffness parameter, and 
the thermal expansion coefficient, Ef /(1-v) and a f. By 
using two different substrate materials with differing 
values for d .. u /dT and er s, two equations in two unknowns 
/ 
I 
,-' 
can be solved to obtain the stiffness parameter and 
thermal expansion coefficient for the nitride films. 
The thermal expansion coefficients for the tungsten 
nitride films are shown in Table 3-5. 
Table 3-5 
Material a E/ ( 1- v~ (xl0-6 °c-1) (x1012 (% N2) dyn/cm) 
, 
\ 0% \4.45 5.5 2.5% 4.87 5.2 
10% 5.06 4.3 
20% 5.66 4.0 GaAs(lOO) 6.40 1.2 
The values increased with increasing nitrogen content in 
the films from 4.5 x 10-6 c-l for 0% N2 to 5.8 x 10-6 c-1 
for 20% N2 • These values are still much lower than the 
value for (100) GaAs, which is 6.4 x 10-6 c-1 • 
\ 
Similarly, the values f~r the biaxial elastic modulus for 
these films indicate a decrease in film stiffness with 
increasing nitrogen content from 5.5 x 1012 dynes/cm2 for 
0% N2 to 4.0 x 1012 dynes/cm2 for 20% N2 , compared to a 
.J 
value of 1.24 x 1012 dynes/cm2 for (100) GaAs. (35] This 
indicates that even if all intrinsic stresses due to the 
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film deposition process is removed during the high 
temperature anneal to give zero stress at the elevated 
temperature, there will be a significant amount of stress 
in the film at room temperature due to the thermal 
mismatch between 1ilm and substrate, which would decrease 
with increasing content. 
Stress mea rements were obtained from samples of 
10% and 2. 5% f il ~ wh~_ch were annealed 
minute at various~~ ratures between 
) 
in the RTA for one 
the end of he in-
situ measurements and ~he standard furnace anneal 
temperature. Rapid thermal annealing differs from 
standard furnace annealing in the way the samples are 
heated. Infra-red radiation from tungsten-halogen lamps 
illuminate both surfaces of the wafer carrier. In the 
system used, the wafer was placed in a 3 11 diameter 
depression machined into a 4 11 graphite disk. In this 
way, the rear face is heated through the graphite while 
the film side is deirctly heated by the lamps. The 
control thermocouple measures the temperature of the 
graphite disk. In addition, since these films had to be 
measured at room temperature, the stress value includes 
the thermal mismatch component between each respective 
film and the substrate. Figure 3-11 shows the change in 
stress of 3 '' wa,f ers after these heating cycles. The 2. 5'% 
film showed very little variation ln stress as the· 
annealing temperature changed, whereas the 101 film had 
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Figure 3-11 stress measurements of 2.51 and 101 films on 
GaAs after annealing for 60 seconds at 
various temperatures in the rapid thermal 
annealer. Tensile stress is positive. 
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less compressive stress as the anneal temperature was 
raised. By eoo0 c in the standard furnace technique, 
these films had reversed the compressive or tensile 
nature of their as-deposited stresses, which did not 
occur at soo0 c in the RTA. This indicates that the short 
amount of time the samples spent at the elevated 
temperature was not sufficient to allow the same degree 
of relaxation and densification as occurs in a standard 
furnace technique. 
Interdiffusion, Pitting 
The integrity of the interface between the film and 
the GaAs substrate was determined by SIMS analysis. A 
sample SIMS profile ~or the 10% nitrogen film is shown in 
Figure 3-12. The x-axis shows the sputtering time 
completed, which can be converted to depth beneath the 
surface by using the sputtering rates of tungsten films 
and GaAs, which were 12 and 31 Angstroms per second, 
respectively. The y-axis units are in secondary ion 
counts. None of the films displayed any significant 
interpenetration after deposition, but instead the film 
component signals dropped off at the substrate surface, 
and the substrate constituent signals also decr~ased 
abruptly in the film region. 
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Films of pure tungsten showed some signs of 
outdiffusion after the anneal at soo0 c for 10 minutes • 
The As ion count in the film layer of the annealed sample 
increased approximately two orders of magnitude compared 
to the as-deposited state, while the Ga signal increased 
nearly 5000 counts through the film. The Ga signal was 
not constant throughout the film region, but showed a 
,. 
maximum in the middle of the film thickness, decreasing 
again toward the film surface. 
In the 10% N2 film shown in Figure 3-13, the arsenic 
signal was also found to drop significantly - nearly 4 
orders of magnitude - at the film/substrate interface 
after annealing. However, the concentration increases 
again at the surface of the film, as indicated by a rise 
in the arsenic signal nearly 2 orders of magnitude. In 
addition, there were signs of nitrogen loss from the 
surface of the film after annealing. Similar occurrences 
of both pile-up of arsenic at the surface and nitrogen 
loss near the surface were seen in the 15% and 20% N2 
films. This loss of nitrogen was also observed in the x-
ray diffraction study, since no nitride phases were 
detected·in the films when analyzed at low glancing 
angles. 
The observed As at the surface of the film has two 
potential sources: the bulk GaAs substrate and the 
. . 
arsenic in the annealing ambient. 
., ( 
The SIMS t_echniqlle 
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cannot distinguish whether the As is,piling up after 
outdiffusion through the ~ilm or accumulating at the 
surface during indiffusion from the ambient. In order to 
determine the source of the As, films of 101 N2 were 
covered with an encapsulating film before annealing. The 
SIMS profile of this sample was compared to results from 
another 10% film which was annealed capless at the same 
time. The arsenic signal on the capped substrate showed 
an identical dip through the thickness of the nitride 
film and subsequent increase at the film surface as the 
uncapped substrate. This indicates that the As is coming 
from the substrate. In addition, the cap also served to 
lessen the degree of nitrogen loss from the film during 
the anneal, as evidenced by the improved nitrogen 
profile. 
The tungsten-GaAs interface is reportedly stable to 
high temperatures. According to Josefowicz and Rensch, 
although the ternary phase diagram for tungsten, gallium 
and arsenic show tie lines indicating the formation of 
two tungsten arsenides: WAs2 and w2As3 ., the W - GaAs·tie 
line is thermodynamically favored, and tungsten ar~enides 
do not form below 1000°c. This suggests that films 
composed predominantly of tungsten are unreactive and 
well suited for self-aligned type processing. However, 
the addition of 41 nitrogen to the film caused 
degradation of the interface integrity, resulting in the 
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interaction of all the elements - Ga, As, w, and N -
11' 
after annealing. [8] Zhang, et al., however, reported 
the interaction of the beta tungsten phase and GaAs, 
' 
' 
forming w2As3 as a reaction product. [6] Since no well-
established rules existed for metal/compound 
semiconductor interaction, a classification system was 
created which ranks interface reactions by the difference 
in electronegativities of the constituents predicts the 
same results. In this system, components with similar 
electronegativities should produce non-reacting 
' 
interfaces. In the case of Ga, As and w, the 
electronegativities are 1.6, 2.0, and 1.7 respectively, 
which are close enough in value to predict a stable 
interface. [36] However, since the electronegativity of 
.nitrogen is approximately 3, the resultant film/substrate 
couple should be more reactive. 
In this study, the pure tungsten films showed the 
highest Ga ion count in the film region compared to the 
films containing nitrogen, therefore disagreeing with 
this system described by Kwok. A crystalline film such 
as pure tungsten provides pathways of enhanced diffusion 
along its grain boundaries. Columnar grains 
approximately 1000 to 300 Angstroms in diameter are 
generally grown in sputtering systems [23] Due to the 
geometry of these systems, these grains, which may be 
amorphous, are tilted in the direction of incoming flux, 
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and are defined by voided grain boundaries. The 
concentration of these voids can exceed 1010 cm-2, and 
the grain boundaries may extend-through the thickness of 
the film. [22]. Films which are amorphous as deposited 
should inhibit this rapid diffusion mechanism, while 
films that remain amorphous even after annealing should 
provide the best barrier to outdiffusion. Stuffing the 
grain boundaries with impurities such as nitrogen should 
also slow the outdiffusion. The different diffusion 
barrier properties attributed to ''pure" tungsten may be 
. due in fact to impurities such as o, c, or N incorporated 
unintentionally in the film. [10,12] Josefowicz and 
Rensch observed a difference in the nature of the 
film/semiconductor interface for pure tungsten films and 
WN0 • 04 films. [8] The nitride films appeared to have 
larger and less defined boundaries between columns, and a 
structureless region in the immediate vicinity of the 
substrate. Neither of these features was seen in pure 
tungsten films. Despite these observations, the films 
containing nitrogen underwent interdiffusion during the 
subsequent anneal. Their opinion was that addition of 
nitrogen had a.negative effect on interface integrity. 
The application of tungsten nitride films as 
•· 
...... _, diffusion barriers also depends strongly upon the ability 
of the film to maintain the integrity of the interface. 
Nitride films have been used as barriers between GaAs or 
87 
--! 
n 
,!;J. 
• 
Si and Au, Ag, and Al. [10,11,12] These authors 
generally found good barrier behavior in amorphous W-N 
films at temperatures up to soo0 c. 
Electrical Measurements 
Schottky barrier height can be determined by four 
different techniques: current-voltage, capacitance-
voltage, activation energy, or photoelectric methods. Of 
these four, current-voltage and capacitance voltage are 
more commonly used, and they are the methods employed in 
this work. The barrier height was characterized 
predominantly by current-voltage, while the capacitance-
voltage method was used to determine the carrier 
concentration under the contact as a figure of merit for 
material suitability as a gate contact. 
Current-Voltage Measurements 
Sample diodes consisting of 500um dots of nitride on 
n-type GaAs were tested to determine the current running 
through the contact material as a function of applied 
voltage. The current flows in a Schottky barrier type of 
;f 
structure because of movement of electrons from the 
semiconductor to the metal, or vice versa. Four 
different mechanisms of charge transport exist:. 1) 
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thermionic emission over the barrier, 2) quantum 
tunneling through. the barrier, 3) carrier recombination 
in the depletion region, and 4) carrier recombination in 
the neutral region of the semiconductor due to hole 
injection from the metal.[1,37] Mechanism #1 is 
generally considered to be the dominant process for 
Schottky barriers on both Si and GaAs. The current 
density from the semiconductor into the metal is 
represented by the number of electrons with sufficient 
energy to overcome the potential barrier at the 
interface. This process assumes that all of the energy 
possessed by electrons in the semiconductor conduction 
band is kinetic energy. Then, the distribution of the 
velocity in the transport direction can be calculated, as 
well as the minimum energy required in the interface 
direction to overcome the barrier, which includes the 
built-in potential at the interface. From the dependence 
of current flow on forward bias, the height of the 
Schottky barrier can be determined by applying the 
following equation: 
Ip= S T2 A* exp(-q~l)lkT) exp(qV/nkT) 
wheres is the diode area, 0.785 cm2, ~bis the barrier 
height, Tis absolute temperature 298K, A* is the 
effective Richard~on constant for GaAs, equal to 8.16 A 
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cm-2x-2, vis the applied voltage, and n is the ideality 
factor. [1,37] The ideality factor should be 
approximately equal to 1.0 for ideal thetmionic emission 
conduction, however the presence of electron tunneling, 
carrier recombination, or a barrier he~ which varies 
with bias and electrical field can cause the value to 
rise from unity. The field dependence usually occurs 
with doping levels near 1017cm-3 , and is caused by image 
force lowering of the barrier or an insulating 
interfacial layer. [37] The plots obtained showed the 
forward current, IF versus applied voltage, as well as 
the log plot of II vs. voltage w~ere: 
which can be seen in the representative I-V curve in 
Figure 3-14. This equation is derived by taking the base 
10 logarithm of the preceding equation, and collecting 
all terms except those of voltage and barrier height. 
Then 
II= -<f,b + V/n 
The inverse slope of this line is the ideality factor, 
and the Y-intercept is the negative value of the barrier 
height. 
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Schottky barrier heights were found to vary very 
little with nitrogen content in the film. Figure 3-15 
shows the relationship between the Schottky barrier 
height and the partial pressure of nitrogen in the 
sputtering ambient. For samples annealed by the standard 
~ 
method, the barrier height falls between 0.69 and 0.75eV 
for the majority of films, with some scatter in the low 
nitrogen region of the plot.This is consistent with the 
theory that the barrier height is more a function of the 
surface state pinning of the Fermi level than of the 
choice of metal making contact with the semiconductor. 
[1-4] At approximately 10% nitrogen partial pressure, 
there appears to be an increase in the value for the 
Schottky barrier height compared to those of other 
compositions. This trend was also apparent in samples 
which underwent rapid thermal annealing. In these 
samples, the barrier heig~t was slightly lower than in 
corresponding furnace annealed samples at the low 
nitrogen compositions, again rising to ~o.75eV in the s-
10% range. The samples which were heated at 400~c for 5 
minutes (to remove sputtering damage only) also produced 
barrier height.a which were lower than those which had 
been furnace annealed. The change in barrier height as a 
function of annealing temperature can be related to the 
changes in the crystal structure of the gate material at 
t elevated temperatures. Removal of sputtering damage 
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occurs during the anneal, however excessively high 
temperatures may _degrade the integrity of the interface 
due to such factors as arsenic loss, so the optimum 
temperature is not necessarily the highest one. Results 
of various authors differ as to the temperature at which 
sputtering damage is removed from the substrate from 
57s0 c for s minutes in a RTA (38] to 7so0 c in a furnace 
[7,39], while others believe that degradation is already 
occurring at temperatures as low as 100°c. [8] 
Temperatures in excess of 9oo0 c were believed to degrade 
the barrier height, due mostly to leakage, tunneling and 
other current transport mechanisms. [17,18] 
Barrier height measurements were also made on 
samples of 2.5% and 101 nitrogen ambient films which were 
annealed at various temperatures in a rapid thermal 
annealer (RTA). Figure 3-16 shows the variation in 
barrier height after one minute anneals at the various 
temperatures. The 2.5% films display an upward trend in 
barrier height as the anneal temperature was increased 
from o (no anneal) to aoo1c· The barrier height remained 
constant from 400 to 6oo0 c, then increased for anneal 
temperatures of 700 and soo0 c. The 101 films also 
increased in barrier height from 0.576eV for unannealed 
samples, appeared to level in _the temperature range of 
soo.-6oo0 c at values of approximately o .·sesev, then 
increase to o.593 and 0.618 for 700 and eoo0 c, 
I. 
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respectively. These values are not as high as the 
,) 
s~mples which underwent the standard furnace anneal, 
which suggests the complete anneal effect upon the gate 
metal is not equivalent for the two techniques. By ti 
comparison, after 5-minute treatments in the RTA, 101 
films showed higher values of barrier height, ranging 
from 0.6lleV for 400°c to 0.78leV for soo0 c. The similar 
' 
upward trend suggests that degradation at the edges of 
the contacts has not occurred under these annealing 
conditions, even though the arsenic overpressure was 
provided by a GaAs cover wafer. In addition, improved 
barrier heights may be due to the incorporation of 
nitrogen into the structure. Zhang and his co-workers 
investigated the enhancement of Schottky barriers after 
annealing nitride films, and postulated that the nitrogen 
incorporated itself within the GaAs lattice, fo%ming a 
metal-p-n+ type of structure, also known as a Shannon 
contact. [6,14,15] 
In addition, the plot of current vs. reverse bias 
p 
showed the breakdown of the diode properties of the 
contact, which should be rectifying. In rev~rse bias, 
. the semiconductor is biased positive with respect to the 
metal, causing the electron flow into the metal to drop 
below the equilibrium value, while the flow from the 
metal remains unchanged. As the reverse bias is 
increased the reverse current should saturate at the 
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value I I z SA T2 exp(~ /kT), however several factors 
can cause the reverse current to increase. Image force 
lowering, the effect of an ''image" positive charge in the 
metal attracting electrons in the semiconductor,, is one 
cause. However, it cannot account for the large 
increases in reverse current usually observed. Localized 
·electric fields in the defected interface region can 
" 
lower the barrier height. High doping in the 
semiconductor narrows the potential barrier to a point 
where tunneling can occur. The softening of the reverse" 
characteristics of the Schottky barrier contact and 
reduction of the breakdown voltage depend upon the 
structural perfection of the interface, and the doping 
level in the semicondlictor. [37] 
Figure 3-17 shows the breakdown voltage of the 
nitride films as a function of ambient nitrogen 
composition. The breakdown voltage was selected as the 
voltage where reverse current reached 100 micro amps. A 
higher breakdown voltage (more negative) is an ind·ication 
•. 
of a better barrier and better interface and is therefore 
more desirable. This plot shows that at between 5 and 
10% nitrogen, the highest breakdown voltage occurred in 
excess of -10 volts. This follows from the Schottky 
I 
barrier results, which also were at a maximum around 10% 
nitrogen. This same result was obtained regardless of 
the annealing technique used, although the magnitude of 
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the breakdown voltage varied from -4 to -7 volts for the 
contacts annealed at 40o0 c for 5 minutes, to -a to -14V 
for those annealed at 800 and a2s0 c. From these results, 
it appears that 4oo0 c for 5 minute~ is not sufficient to 
/ 
remove the damage caused by sputtiring. 
Capacitance-Voltage Measurements 
Capacitance-voltage measurements were obtained in 
order to determine the carrier concentration under the 
soo micron diameter contact dots. The original carrier 
concentration of the n-type,wafers was 2 x 1017 cm-3 • 
Any carrier loss is typically attributed to outdiffusion 
of substrate atoms through the contact film during the 
annealing process. In this technique, the variation in 
voltage alters the depletion depth under the contact due 
to the movement of carriers into or out of the space 
charge region. At the same time, an AC measuring signal 
I' 
is sent across the sample at.a high frequency to prevent 
p 
filling of traps, which will interfere with the 
capacitance measurement. A reverse bias on the junction, 
where the semiconductor is made positive with respect to 
the metal, widens the depletion depth as the electrons 
move away from the junction.. on either side of the 
depleted zon~, charges build up: Qh, the charge caused by 
movement of holes into the metal, Qm, the compensating 
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negative charge built up in the metal to maintain 
neutrality, and Qd, the charge in t~e depletion region 
required to balance the charges in the metal.' [37] The 
Schottky barrier junction capacitance is equivalent to 
) 
the capacitance of a parallel plate capacitor with plate 
spacings equivalent to the depletion width. Measurements 
are typically made under reverse bias, since under 
forward bias, the diode is conducting and the capacitance 
is shunted by the large conductance. However under 
reverse bias the rectifying properties of the junction 
make the capacitance mensurable. The capacitance of the 
metal-semiconductor structure can be expressed by:[l] 
c2 = 
- ..... ~~Es!!D---2 (Vbi - V - kT/q) 
Plots were obtained of l/C2 versus applied voltage. From 
these plots, the carrier c6ncentration is calculated 
using this equation: 
where No is the carrier ·concentration in carriers per 
cubic cm, Es is the dielectric constant of GaAs, -
1.160 x 10-12 , and the derivative is the inverse slope of 
the 1;c2 - voltage plot. Since the zero bias value is 
desired, the derivative is taken where the curve crosses 
the y-axis. This is an important consideration where 
1. 
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carrier concentration changes with depth, since the slope 
I 
will vary as the voltage increases and the depletion 
depth increases. Figure 3-18 shows the variation in 
carrier concentration under the diode contact as a 
function of composition, and also of anneal technique. 
overall, the carrier concentration dropped from 
2 x 1017 cm-3 to the range of 1.0 to 1.7 x 1017 cm-3 for 
films ,annealed in the furnace at soo0 c for 10 minutes. 
The concentration of carriers is highest for the pure 
tungsten films, but the concentration appears to be 
independent of concentration aside from that peak. the 
data can be ·fit to a line with a y-intercept of 1~27 x 
1017 , which has a slope of 3 x 1013 , which is virtually 
zero. This indicates the lack of dependence of carrier 
concentration on nitrogen content for the standard anneal 
process. The method of annealing clearly has an effect 
on the carrier concentration. Films annealed for 30 
seconds at 825°c showed the lowest concentration, while 
'' 
the films heated to 4oo0 c for 5 minutes had intermediate 
values. Results of other workers have shown that 
anne·aling at excessively high temperatures can lower the 
carrier concentration and increase the depletion depth. 
[38] The reasoning given for this observation was that 
the barrier properti~s of the film were weakened-against 
Ga outdiffusion in the high temperatures. In the present 
work, the depletion depth had its maximum value at 10% 
~ 
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nitrogen, where it reached 0.11 microns, compared to 
0.086 to 0.96 for films deposited in 2.5 to 4.5% 
nitrogen. The highest annealing temperature allowed 
outdiffusion, which lowered the carrier concentration, 
while the low temperature is not high enough to remove 
the crystal damage caused by the deposition process. As 
was mentioned in the Schottky barrier discussion, other 
authors have chosen aoo0 c as the optimum annealing 
temperature for similar reasoning: that it removes the 
damage without permitting degradation of the interface. 
General Discussion 
The original scope of this paper was to determine 
optimum parameters for the deposition of Schottky barrier 
gate metallization on GaAs. In these experiments, the 
properties of films deposited at one total pressure were 
investigated for nitrogen partial pressures ranging from 
o to 20%. At the low nitrogen content(O to ~5%) end, 
many properties were found to vary strongly with only 
small variations in partial pressure. These properties 
included stress, resistivity, and depositiQn rate. The 
barrier height was acceptable, butr,i .. among the lower values 
measured. In the 20% nitrogen ra~ge, the sheet 
resistivity was at its maximum value, and again the 
barrier height was acceptable, but not maximized. In the 
central composition range, namely from 6 to 101, many 
103 ,·. 
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characteristics are stable if not optimized. Most i··' 
importantly from a contact standpoint, the barrier height 
,_,,.,, 
reached its maximum value of 0.78 at 10% nitrogen. The 
i I , 
resistivity is not as dependent upon composition in this 
range, and although it may be higher than pure tungsten, 
it is still lower that of other contact materials such as 
tungsten silicide, which has a resistivity of 200 micro 
ohm-cm. (40] This maximum in this composition range is 
in agreement with the findings of other authors. 
[7,17,18] 
The films deposited in the low nitrogen regime all 
possess anomalous qtl-alities. The stress is very highly 
tensile when deposited, and switches to highly 
compressive when annealed. During the annealing process, 
\ 
the film reaches stresses in excess of 1olO dynes/cm2, 
which is very high. The resistivity does not change i-n a 
manner predicted by the film's crystal structure and 
composition. Much of the reason for this behavior is 
believed to .. be the crystal structure. Its structure 
contains the beta phase of tungsten, which is not stable 
above 6oo0 c, in increasing amounts until the onset of the 
( 
amorphous phase. The lattice parameter of beta tungsten 
(5.046 A)is much closer to that of the GaAs substrate 
( 5 ·• 65 A) than that of ~lp;ha tungsten ( 3 • 17 A) • As was 
mentioned earlier, this increase in size ma.y place the 
bonding sites of the film in closer proximity to the 
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bonding sites of the host lattice, regardless of the 
nature of those sites. Additionally, it was mentioned 
that nucleation of adatoms can generate sufficient heat 
at the surface to provide activation energy for other 
surface reactions. If this is true, the reactions of 
bond formation with surface atoms - Ga, As, or o - may .be 
promoted by this method, and with greater overlap, 
stronger bonding between the film and substrate could 
occur. 
r 
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summary and Conclusions 
The results of this thesis have afforded several 
insights into the application of tungsten nitride films as 
Schottky barrier gate metal contacts on gallium arsenide for 
self-aligned integrated circuits. In addition, the 
dependence of the material properties upon the deposition 
conditions has been elucidated,in part, in efforts to 
optimize the parameters. 
Tungsten nitride is not among ¢he more common 
refractory compounds. Very little data exist related to its 
thermodynamics or temperature-composition characteristics. 
Because of this lack of data, assumptions and estimates are 
frequently made using tabulated data for other similar 
compounds such as molybdenum nitride, tantalum nitride, or 
titanium nitride. (41] In addition, the solubility of 
nitrogen is very low in tungsten. Since the nitrogen in the 
film can and does form a thermodynamically stable gas at 
elevated temperatures, tungsten nitride is typ~cally not 
used as a true refractory compound in the same sense as 
tungsten carbide, for example. 
I The composition of the tungsten nitride film was found 
in this work to vary in a linear fashion with the amount of 
nitrogen in the ambient, so that a desired comp~sition could 
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be obtained by controlling the nitrogen flow rate relative 
to the ·argon rate. The deposition rate showed a dependence 
upon partial pressure only with low concentrations of 
nitrogen, and became constant as the nitriding reaction 
occurring at the target reached a const~nt level. 
The x-ray diffraction results confirmed the formation 
of a beta phase of tungsten when small amounts (between 1.5 
and 5%) of nitrogen "impurity" were added to the sputtering 
chamber. This phase, with its larger lattice parameter, 
more easily accommodates the nitrogen being incorporated in 
the film, since the solubility limit of n_itrogen in tungsten 
is only 0.17 at.% At 5% nitrogen partial pressure, the film 
began to show amorphous characteristics, and by the time the 
partial pressure reached 10%, the deposited films were 
completely~- amorphous. Films of all compositions 
recrystallized during the furnace anneal step, but nitrogen 
was lost from the top surface of the films. 
The resistivity of the films ranged from 140 to 200 
micro ohm~cm for deposited films and 10 to 100 micro ohm-cm 
for annealed films. These values are higher than pure 
,, 
tungsten, which was found to have a sheet resistivity of 
. . -
\ 
) 
approximately 15 micro ohm+-cm. as deposited and after anneal. 
' 
\ ·, 
However, .. these values are lower than those of other Schottky 
I I . 
barrier materials used, such as tungsten s·ilicide, which has 
a sheet resistivity of approximately 200 micro ohm-cm. [40] 
The resistivity correlated well with the x-ray diffraction 
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results, in that the resistivity was high for films with 
amorphous structures and the presence of beta tungsten, and 
' dropped as the film crystallizes into tungsten and tungsten 
nitride phases. 
The adhesion of the film was the strongest in the same 
,,, 
1.5 to 2.5% composition range where the stress was the 
highest. 
The films exhibited interdiffusion with the 
constituents of the substrate and nitrogen loss after 
annealing. This was confirmed by SIMS, and by x-ray 
diffraction, and may be the cause of the anomalous 
resistivity behavior of the 1.2 to 2.5% films. Despite the 
arsenic outdiffusion shown by SIMS, no pitting was seen on 
the surface of the annealed substrates after the films were 
stripped, so the loss was not on a macroscopic scale. The 
carrier loss was apparent from c-v carrier profiles of 
carrier concentration under 500 micron diameter dots of 
nitride deposited on n-type GaAs, however, no variation with 
composition was observed. 
Schottky barrier measurements showed very little 
correlation with nitrogen concentration, as was expected 
from Fermi level pinning theories. Films ofj 101 nitrogen 
appeared to have a slightly higher barrier, however, all 
films had barrier heigh_ts in the range of 0.69' to 0.19. ev, 
which agrees with 1the 11results of others. Breakdown voltage 
measurements correlated well with these results, showing a 
108 
. "' 
,, 
slight maximum in the 5-101 nitrogen range of -13 to -11 
volts. 
As part of the evaluation of stress in the film, in-
situ stress measurements were made, allowing the 
determination of the thermal expansion coefficient of 
tungsten nitride films as a function of nitrogen content. 
The thermal expansion 9oefficient values ranged from 4.5 to 
5.8 x 10-6 c-l for o to 20% nitrogen, compared to a value of 
6. 4 x 10-6 c,::- 1 for ( 100) GaAs. This implies that h"igher 
nitrogen partial pressures may be needed to reduce the 
thermal mismatch between the film and substrate. 
Although films deposited at any one partial pressure 
did not produce the optimum film characteristics in all 
categories, the composition range around 10% nitrogen 
appears to produce films which are at least acceptable in 
all categories. The Schottky ~arrier height reaches its 
maximum value in this range, and the breakdown voltage is 
also near its maximum value. The film is amorphous as 
deposited, which may inhibit interactions, yet crystallizes 
during the anneal. The deposition rate no longer changes 
rapidly with small fluctuations in partial pressure in this r, 
range, so the film thickness can be c9ntrolled. Stress is 
/ 
within acceptable limits, unlike the low nitrogen range 
where- stress is very high both before -·and after annealing. 
The adhesion properties of this film composition are not 
109 
/ 
I.. 
optimal, however, contact dots were fabricated with no 
occurrence of film peeling. 
Finally, the anomalous behavior of the low nitrogen 
range was observed, and explanations were attempted. 
Further experimentation is required to determine the exact 
causes for the high adhesion, and irregular resistivity 
found in this range of compositions. Further studies on 
this material should include investigations of the 
microstructure of the films at these various compositions. 
Grain sizes and columnar structures in the thin films could 
elucidate the reason for some of the ano•alous stress and 
resistivity behavior, especially in the composition range 
where the beta phase occurs. 
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